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SUBPROJECT  3 


Oxidative  damage  and  inflammation  in  the  brains  of  autistic  subjects: 
Correlation  with  severity  and  phenotypes. 

PI:  Abha  Chauhan,  Ph.D. 

INTRODUCTION 


Autism  is  a  heterogeneous,  behaviorally  defined  neurodevelopmental  disorder.  There  is 
limited  knowledge  of  the  causative  factors  and  secondary  abnormalities  in  biochemical  pathways 
in  autism.  While  the  cause  of  autism  remains  elusive,  autism  is  considered  a  multifactorial 
disorder  that  is  influenced  by  genetic  and  environmental  factors.  Accumulating  evidence 
suggests  that  oxidative  stress  may  provide  a  link  between  susceptibility  genes  and  pre-  and  post¬ 
natal  environmental  risk  agents  in  the  pathophysiology  of  autism  [1-4].  Under  normal  conditions, 
a  dynamic  equilibrium  exists  between  the  production  of  free  radicals,  i.e.  reactive  oxygen  species 
(ROS)  and  the  anti-oxidant  capacity  of  the  cell.  These  ROS  are  highly  toxic,  and  if  not  removed 
or  neutralized,  they  react  with  lipids,  proteins  and  nucleic  acids  and  damage  membrane 
properties  and  cellular  functions.  Glutathione  (GSH)  is  the  most  important  endogenous 
antioxidant  in  human  tissues,  which  neutralizes  ROS,  and  participates  in  detoxification  and 
elimination  of  environmental  toxins.  Due  to  the  lack  of  glutathione -producing  capacity  by 
neurons,  the  brain  has  a  limited  capacity  to  detoxify  ROS.  Therefore,  neurons  are  the  first  cells 
to  be  affected  by  the  increase  in  ROS  and  shortage  of  antioxidants  and,  as  a  result,  they  are  most 
susceptible  to  oxidative  stress.  Oxidative  stress  is  known  to  be  associated  with  premature  aging 
of  cells  and  can  lead  to  inflammation,  damaged  cell  membranes,  autoimmunity  and  cell  death. 
The  brain  is  highly  vulnerable  to  oxidative  stress  due  to  its  limited  antioxidant  capacity,  higher 
energy  requirement  and  high  amounts  of  unsaturated  lipids  and  iron  [5].  The  brain  makes  up 
about  2%  of  body  mass  but  consumes  20%  of  metabolic  oxygen.  The  vast  majority  of  energy  is 
used  by  the  neurons  [6]. 

Extensive  evidence  suggests  the  presence  of  oxidative  stress  in  peripheral  tissues  in 
children  with  autism  [1,  3,  4].  We  have  reported  that  levels  of  malonyldialdehyde,  a  marker  of 
lipid  peroxidation,  are  increased  in  the  plasma  from  children  with  autism  [7].  Other  studies  on 
erythrocytes  and  urine  samples  have  also  indicated  increased  levels  of  lipid  peroxidation  markers 
in  autism,  thus  confirming  an  increased  oxidative  stress  in  autism  [1,  3,  4,  8,  9].  Brain  tissue  is 
highly  heterogeneous  with  specific  functions  localized  in  specific  areas  of  brain.  The  studies  in 
this  project  with  postmortem  brain  tissues  have  shown  elevated  levels  of  markers  of  oxidative 
damage  (lipid  peroxidation,  protein  oxidation  and  DNA  oxidation)  coupled  with  reduced 
antioxidant  status  in  the  cerebellum,  frontal  and  temporal  cortex  of  the  brain  of  subjects  with 
autism  as  compared  to  age-matched  control  subjects  [2,  4,  10  i.e.  appendix  1;  11 — 13;  14  i.e. 
appendix  2] . 

Mitochondria  are  the  primary  source  of  free  radicals,  and  are  central  to  many  cellular 
functions  including  the  generation  of  ATP  (energy).  They  also  trigger  apoptosis,  i.e.  cell  death. 
Neurons  in  particular  rely  on  mitochondria  because  of  their  high  levels  of  activity  and 
subsequent  need  for  energy.  The  free  radicals  are  generated  endogenously  during  oxidative 
metabolism  and  energy  production  by  mitochondria  [15].  Electron  transport  chain  (ETC)  in 
mitochondrion  is  a  prime  site  for  free  radicals  generation.  Mitochondria  generate  ATP  by 
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generation  of  protons  gradient  (membrane  potential)  with  the  help  of  five  ETC  complexes.  The 
changes  in  the  mitochondrial  ETC  have  been  reported  in  several  neurodegenerative  disorders. 
Recent  evidence  also  suggests  increased  prevalence  of  mitochondrial  dysfunction  in  autism  [3, 
16,  17  i.e.  appendix  3;  18].  Our  studies  in  this  project  have  indicated  brain  region-specific  deficit 
of  mitochondrial  ETC  complexes  in  autism  [10  i.e.  appendix  1], 

Protein  kinases  are  known  to  play  important  roles  in  cellular  signaling  pathways  and  are 
involved  in  brain  development.  Protein  kinase  A  (PKA)  is  a  cyclic  adenosine  monophosphate 
(cAMP)-dependent  protein  kinase  that  is  involved  in  cognitive  functions  and  memory  formation. 
Protein  Kinase  C  (PKC),  a  ubiquitous  phospholipid-dependent  serine/threonine  kinase,  is  another 
G-protein-coupled  receptor-mediated  kinase.  PKC  is  known  to  be  involved  in  signal  transduction 
associated  with  the  control  of  brain  functions,  such  as  ion  channel  regulation,  receptor 
modulation,  neurotransmitters  release,  synaptic  potentiation/depression,  and  neuronal  survival. 

It  also  plays  crucial  roles  in  cell  proliferation,  differentiation  and  apoptosis.  In  this  project,  we 
have  examined  the  activities  of  PKA  and  PKC  in  the  brain  samples  from  autism  and  control 
subjects  [19,  20]. 


BODY 


In  our  study,  the  postmortem  frozen  brain  samples  from  the  cerebellum  and  frontal,  temporal, 
parietal  and  occipital  cortex  from  autistic  subjects  with  age  range  of  4  to  39  yrs  from  subjects 
with  autism  and  age-matched  control  subjects  were  obtained  from  the  National  Institute  of  Child 
Health  and  Human  Development  (NICHD)  Brain  and  Tissue  Bank  for  Developmental  Disorders 
at  the  University  of  Maryland. 

Increased  oxidative  damage  in  the  frontal  cortex,  temporal  cortex  and  cerebellum  in 
autism.  We  observed  brain  region-specific  increased  levels  of  lipid  hydroperoxide  [10  i.e.  Fig.  6 
in  appendix  1],  a  product  of  fatty  acid  oxidation;  of  malonyldialdehyde  [11],  an  end-product  of 
lipid  peroxidation;  of  8-hydroxy-2  -deoxyguanosine  (8-OH-dG)  [12],  a  marker  of  oxidative  DNA 
damage;  and  of  protein  carbonyl  [13],  a  marker  of  protein  oxidation  in  the  cerebellum,  frontal 
and  temporal  cortex  in  autism  as  compared  with  age-matched  control  subjects.  These  changes 
were  not  observed  in  the  parietal  and  occipital  cortex  in  subjects  with  autism.  Other  groups  have 
also  reported  elevated  expression  of  carboxyethyl  pyrrole  [21],  a  marker  of  lipid-derived 
oxidative  protein  modification,  and  of  3-nitrotyrosine  [22],  a  marker  of  protein  nitration,  in 
postmortem  brain  samples  from  autistic  subjects. 

Reduced  antioxidant  capacity  in  the  brain  of  autistic  sub  jects.  In  order  to  study  antioxidant 
status  of  brain  in  autism,  we  examined  the  concentrations  of  glutathione  (GSH,  reduced  form; 
and  GSSG,  oxidized  form)  and  the  redox  ratio  of  GSH  to  GSSG  (marker  of  oxidative  stress)  in 
different  regions  of  brains  from  autistic  subjects  and  age-matched  control  subjects  [14  i.e. 
Appendix  2].  As  shown  in  this  publication,  there  was  a  significant  decrease  in  total  glutathione 
(Table  2)  and  reduced  GSH  (Fig.  1),  an  increase  in  its  oxidized  disulfide  form  (GSSG)  (Fig.  1) 
and  a  decrease  in  the  redox  ratio  of  GSH/GSSG  (Table  2)  in  the  cerebellum  and  temporal  cortex 
of  individuals  with  autism  as  compared  with  age-matched  control  subjects,  suggesting  a 
glutathione  redox  imbalance  in  autism  [14  i.e.  Appendix  2].  In  contrast,  there  was  no  significant 
change  in  total  glutathione,  reduced  GSH  and  GSSG  levels  in  the  frontal,  parietal  and  occipital 
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cortices  in  autism  vs.  control  subjects  (Fig.  1,  Table  2). These  findings  indicate  that  autism  is 
associated  with  deficits  in  glutathione  antioxidant  defense  in  selective  regions  of  the  brain. 

Mitochondrial  dysfunction  in  autism.  Since  mitochondria  play  important  roles  in  the 
generation  of  free  radicals  and  ATP  formation,  we  studied  the  levels  of  mitochondrial  ETC 
complexes,  i.e.,  complexes  I,  II,  III,  IV,  and  V,  in  brain  tissue  samples  from  the  cerebellum  (Fig. 
1)  and  the  frontal  (Fig.  2),  temporal  (Fig.  3),  parietal  (Fig.  4)  and  occipital  cortices  (Fig.  5)  of 
autism  and  age-matched  control  subjects  [10  i.e.  appendix  1].  Our  studies  showed  brain  region- 
specific  deficit  of  mitochondrial  ETC  complexes  in  the  cerebellum  (Fig.  1),  frontal  (Fig.  2)  and 
temporal  cortex  (Fig.  3)  in  autism  [10  i.e.  appendix  1]. 

Increased  activities  of  Na+/K+-ATPase  and  Ca2+/Mg2+-ATPase.  Since  increased  oxidative 
stress  in  autism  can  affect  the  activities  of  membrane-bound  enzymes,  such  as  Na+/K+-ATPase 
and  Ca2+/Mg2+-ATPase  that  are  known  to  maintain  intracellular  gradients  of  ions  essential  for 
signal  transduction,  we  also  studied  whether  oxidative  stress  can  affect  the  activities  of  these 
enzymes  in  different  brain  regions  of  autistic  subjects  [23  i.e.  appendix  4].  In  the  cerebellum  of 
individuals  with  autism,  we  reported  increased  activities  of  Na+/K+-  ATPase  (Fig.  1)  and  Ca2+ 
/Mg2+-ATPase  (Fig.  3).  The  activity  of  Na+/K+-ATPase  (Fig.  2)  but  not  Ca2+/Mg2+- ATPase  (  Fig. 
4)  was  also  significantly  increased  in  the  frontal  cortex  of  the  autistic  samples  as  compared  to  the 
age-matched  controls.  In  contrast,  in  other  regions,  i.e.,  the  temporal,  parietal  and  occipital 
cortices,  the  activities  of  these  enzymes  were  similar  in  autism  and  control  groups  (Figs.  2,  4). 

Reduced  activity  of  protein  kinases  A  and  C  in  the  frontal  cortex  of  sub  jects  with  regressive 
autism:  Relationship  with  developmental  abnormalities.  In  regressive  autism,  affected 
children  first  show  signs  of  normal  social  and  language  development  but  eventually  lose  these 
skills  and  develop  autistic  behavior.  The  underlying  mechanism  for  regression  in  autism  is  not 
known.  Protein  kinases  are  essential  for  G-protein-coupled  receptor-mediated  signal 
transduction,  and  are  involved  in  neuronal  functions,  gene  expression,  memory,  and  cell 
differentiation.  In  this  study,  we  analyzed  the  activities  of  protein  kinase  A  (PKA)  [19  i.e.  Fig.  1 
in  Appendix  5]  and  protein  kinase  C  (PKC)  [20  i.e.  Figs.  1,  2  in  Appendix  6]  in  the  cerebellum 
and  different  regions  of  cerebral  cortex  from  subjects  with  regressive  autism,  autistic  subjects 
without  clinical  history  of  regression,  and  age-matched  control  subjects.  In  the  frontal  cortex  of 
subjects  with  regressive  autism,  the  activities  of  PKA  [19  i.e.  Fig.  1  in  Appendix  5]  and  PKC  [20 
i.e.  Fig  1  in  Appendix  6]  were  significantly  decreased  as  compared  to  age-matched  control 
subjects  and  non-regressed  autistic  subjects.  The  activities  of  PKC  [Figs.  1,  2  in  Appendix  6] 
and  PKA  [Fig.  1  in  Appendix  5]  were  unaffected  in  the  temporal,  parietal  and  occipital  cortices, 
and  in  the  cerebellum  in  both  autism  groups,  i.e.,  regressive  and  non-regressed  autism  as 
compared  to  control  subjects.  These  results  suggest  brain  region-specific  alterations  of  PKC  and 
PKA  in  the  frontal  cortex  of  subjects  with  regressive  autism.  Further  studies  showed  a  negative 
correlation  between  PKC  activity  and  restrictive,  repetitive  and  stereotyped  pattern  of  behavior 
in  autistic  individuals,  suggesting  involvement  of  protein  kinases  in  behavioral  abnormalities  in 
autism  [20  i.e.  Fig.  3  in  Appendix  6].  These  findings  suggest  that  regression  in  autism  may  be 
attributed,  in  part,  to  alterations  in  G-protein-coupled  receptor-mediated  signal  transduction 
involving  PKA  and  PKC  in  the  frontal  cortex 
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KEY  RESEARCH  ACCOMPLISHMENTS 


1.  There  is  increased  oxidative  damage  as  evidenced  by  increase  in  lipid  peroxidation,  protein 
oxidation  and  DNA  oxidation  in  the  cerebellum,  frontal  cortex  and  temporal  cortex  of  the  brain 
in  autism  [10  i.e.  Fig.  6  in  Appendix  1;  11-13].  Oxidative  stress  is  brain  region-specific  in 
autism,  and  was  not  observed  in  occipital  and  parietal  cortex. 

2.  Glutathione  antioxidant  capacity  is  reduced  in  the  cerebellum  and  temporal  cortex  in  autism 
[14  i.e.  Fig.  1,  Table  2  in  Appendix  2]. 

3.  There  is  a  brain  region-specific  decrease  in  the  levels  of  mitochondrial  electron  transport 
chain  complexes  in  the  cerebellum  (Fig.  1)  and  in  the  frontal  (Fig.  2)  and  temporal  cortices  (Fig. 
3)  but  not  in  the  parietal  (Fig.  4)  and  occipital  cortices  (Fig.  5)  of  subjects  with  autism  [10  i.e. 
appendix  1].  These  mitochondrial  abnormalities  are  observed  only  in  young  children  with  autism 
but  not  in  adults  with  autism  [Figs.  1-3  in  appendix  1].  The  abnormalities  in  the  mitochondrial 
ETC  complex  levels  resulting  in  disruption  of  mitochondrial  function  may  be  one  of  the  factors 
in  the  etiology  of  autism.  This  will  lead  to  increased  free  radical  generation,  oxidative  stress  and 
abnormal  energy  metabolism  in  autism  (reviewed  in  17,  18). 

4.  The  activities  of  both  Na+/K+-ATPase  (Fig.  1)  and  Ca2+/Mg2+-ATPase  (Fig.  3)  (membrane- 
bound  enzymes)  were  significantly  increased  in  the  cerebellum  in  the  autistic  samples  compared 
with  their  age-matched  controls  [23  i.e.  appendix  4].  The  activity  of  Na+/K+-ATPase  (Fig.  2) 
but  not  Ca2+/Mg2+-ATPase  (Fig.  4)  was  also  significantly  increased  in  the  frontal  cortex  of  the 
autistic  samples  as  compared  to  the  age-matched  controls  [23  i.e.  appendix  4].  In  contrast,  in 
other  regions,  i.e.,  the  temporal,  parietal  and  occipital  cortices,  the  activities  of  these  enzymes 
were  similar  in  autism  and  control  groups  (Figs.  2,  4). 

5.  Individuals  with  regressive  autism  have  decreased  activities  of  PKA  and  PKC  in  the  frontal 
cortex  of  the  brain  [19  i.e.  Fig.  1  in  Appendix  5;  20  i.e.  Figs.  1,  2  in  Appendix  6].  Such  changes 
were  not  observed  in  other  brain  regions  of  individuals  with  regressive  autism,  or  in  the  frontal 
cortex  and  other  brain  regions  of  individuals  with  non-regressive  autism  [19  i.e.  Fig.  1  in 
Appendix  5;  20  i.e.  Figs.  1,  2  in  Appendix  6].  These  results  suggest  that  alterations  in  PKA  and 
PKC  are  specific  to  the  frontal  lobe  in  regressive  autism. 

Our  results  suggest  mitochondrial  dysfunction,  increased  oxidative  damage  coupled  with 
reduced  antioxidant  status  in  the  specific  regions  of  brain  i.e.,  cerebellum,  frontal  and  temporal 
cortex  of  autistic  individuals  compared  with  brain  samples  from  age-matched  control  subjects 
(reviewed  in  4,  17,  18).  Our  results  also  suggest  altered  activities  of  enzymes  involved  in 
cellular  signaling  such  as  Na+/K+-ATPase,  Ca2+/Mg2+-ATPase,  PKA  and  PKC  in  specific  brain 
regions  in  autism.  Frontal  cortex  may  be  the  region  of  the  brain  involved  in  regressive  autism, 
where  abnormalities  such  as  decreased  activity  of  PKA  and  PKC  can  affect  the  signal 
transduction. 
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(2011). 

5.  Chauhan  A,  Audhya  T,  Chauhan  V.  Increased  DNA  oxidation  in  the  cerebellum,  frontal 
and  temporal  cortex  of  brain  in  autism.  Transactions  of  the  American  Society  for 
Neurochemistry,  p.  81  (2011). 

6.  Chauhan,  A.,  Muthaiyah,  B.,  Essa,  M.M.,Wegiel,  J.,  Brown, W.T.,  and  Chauhan,  V. 
Increased  lipid  and  protein  oxidation  in  autism.  41st  Transactions  of  the  American  Society 
for  Neurochemistry,  p.  91  (2010). 
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9.  Muthaiyah  B,  Essa  MM,  Chauhan  V,  Brown  WT,  Wegiel  J,  Chauhan  A.  Increased  lipid 
peroxidation  in  cerebellum  and  temporal  cortex  of  brain  in  autism.  J.  Neurochem.  108 
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News  Release  of  publications  #  3  and  4 

1.  News  release  of  our  publication  in  J.  Neurochemistry  (Chauhan  et  al.  Brain  region- 
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specific  deficit  in  mitochondrial  electron  transport  chain  complexes  in  children  with 
autism),  by  Simons  Foundation  Autism  Research  Initiative  (March  17,  2011) 

https://sfari.org/news-and-commentary/open-article/- 

/asset_publisher/6Tog/content/mitochondrial-function-disrupted-in-children-with- 

autism?redirect=%2Fnews-and-commentary%2Fall 

2.  Our  article  in  J.  Neurochemistry  (Chauhan  et  al.  Brain  region-specific  deficit  in 

mitochondrial  electron  transport  chain  complexes  in  children  with  autism)  was  featured 

as  key  scientific  article  by  Global  Medical  Discovery 

http://globalmedicaldiscovery.com/key-scientific-articles/brain-region-specific-deficit- 

in-mitochondrial-electron-transport-chain-complexes-in-children-with-autism/. 

3.  News  release  (Molecular  mechanisms:  Pathway  linked  to  regressive  autism)  by  Simons 

Foundation  Autism  Research  Initiative  (Oct  12,  201 1)  for  our  publication  in  PLoS 

One  (Brain  region-specific  decrease  in  the  activity  and  expression  of  protein  kinase  A 
in  the  frontal  cortex  of  regressive  autism). 

http://sfari.org/news-and-opinion/in-brief/2011/molecular-mechanisms-pathway-linked- 
to-  regressive-autism 

4.  Above  article  was  also  covered  in  the  press  release  (New  biochemical  findings  might 
explain  why  children  with  regressive  autism  lose  skills)  by  Decoded  Science  (Oct  21, 
2011). 

http://www.decodedscience.com 


CONCLUSIONS 


Brain  is  a  heterogeneous  organ  where  specific  functions  are  attributed  to  specific  regions.  Our 
results  suggest  that  autism  is  associated  with  mitochondrial  dysfunction,  increased  oxidative 
damage  and  reduced  antioxidant  status  in  the  brain,  which  differentially  affects  selective  regions 
of  the  brain,  i.e.  cerebellum,  frontal  cortex  and  temporal  cortex  in  autism.  These  abnormalities 
will  lead  to  increased  free  radical  generation  and  oxidative  stress,  as  well  as  abnormal  energy 
metabolism  in  the  brain  of  individuals  with  autism.  We  have  also  reported  brain  region-specific 
increased  activities  of  membrane -bound  enzymes,  such  as  Na+/K+-ATPase  and  Ca2+/Mg2+- 
ATPase  that  are  known  to  maintain  intracellular  gradients  of  ions  essential  for  signal 
transduction  Our  results  also  suggest  lower  activities  of  PKA  and  PKC  in  the  frontal  lobe  of 
subjects  with  regressive  autism,  which  will  lead  to  abnormal  cellular  signaling.  Increased 
oxidative  damage  may  also  lead  to  inflammation  because  oxidative  stress  serves  as  a  major 
upstream  component  in  the  signaling  cascade  involved  in  activation  of  redox- sensitive 
transcription  factors  and  pro-inflammatory  gene  expression  resulting  in  an  inflammatory 
response. 
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Appendix  1 

Brain  region-specific  deficit  in  mitochondrial  electron  transport 
chain  complexes  in  children  with  autism 


Abha  Chauhan,  Feng  Gu,  Musthafa  M.  Essa,  Jerzy  Wegiel,  Kulbir  Kaur,  William  Ted  Brown  and 
Ved  Chauhan 

NYS  Institute  for  Basic  Research  in  Developmental  Disabilities,  Staten  Island,  NY,  USA 


Abstract 

Mitochondria  play  important  roles  in  generation  of  free 
radicals,  ATP  formation,  and  in  apoptosis.  We  studied  the 
levels  of  mitochondrial  electron  transport  chain  (ETC) 
complexes,  that  is,  complexes  I,  II,  III,  IV,  and  V,  in  brain 
tissue  samples  from  the  cerebellum  and  the  frontal,  parietal, 
occipital,  and  temporal  cortices  of  subjects  with  autism  and 
age-matched  control  subjects.  The  subjects  were  divided 
into  two  groups  according  to  their  ages:  Group  A  (children, 
ages  4-10  years)  and  Group  B  (adults,  ages  14-39  years). 
In  Group  A,  we  observed  significantly  lower  levels  of  com¬ 
plexes  III  and  V  in  the  cerebellum  (p  <  0.05),  of  complex  I 
in  the  frontal  cortex  (p  <  0.05),  and  of  complexes  II 
(p<0.01),  III  (p<0.01),  and  V  (p  <  0.05)  in  the  temporal 
cortex  of  children  with  autism  as  compared  to  age-matched 
control  subjects,  while  none  of  the  five  ETC  complexes  was 
affected  in  the  parietal  and  occipital  cortices  in  subjects  with 
autism.  In  the  cerebellum  and  temporal  cortex,  no  overlap 
was  observed  in  the  levels  of  these  ETC  complexes  be¬ 


tween  subjects  with  autism  and  control  subjects.  In  the 
frontal  cortex  of  Group  A,  a  lower  level  of  ETC  complexes 
was  observed  in  a  subset  of  autism  cases,  that  is,  60%  (3/ 
5)  for  complexes  I,  II,  and  V,  and  40%  (2/5)  for  complexes 
III  and  IV.  A  striking  observation  was  that  the  levels  of  ETC 
complexes  were  similar  in  adult  subjects  with  autism  and 
control  subjects  (Group  B).  A  significant  increase  in  the 
levels  of  lipid  hydroperoxides,  an  oxidative  stress  marker, 
was  also  observed  in  the  cerebellum  and  temporal  cortex  in 
the  children  with  autism.  These  results  suggest  that  the 
expression  of  ETC  complexes  is  decreased  in  the  cerebel¬ 
lum  and  the  frontal  and  temporal  regions  of  the  brain  in 
children  with  autism,  which  may  lead  to  abnormal  energy 
metabolism  and  oxidative  stress.  The  deficits  observed  in 
the  levels  of  ETC  complexes  in  children  with  autism  may 
readjust  to  normal  levels  by  adulthood. 

Keywords:  autism,  electron  transport  chain  complexes,  en¬ 
ergy,  mitochondria,  oxidative  stress. 

J.  Neurochem.  (2011)  117,  209-220. 


Autism  is  a  complex  pervasive  developmental  disorder  that  is 
characterized  by  impaired  language,  communication,  and 
social  skills,  as  well  as  by  repetitive  and  stereotypic  patterns 
of  behavior,  all  occurring  by  the  age  of  3  years  (Lord  et  al. 
2000).  It  is  a  heterogeneous  disorder,  belonging  to  a  group  of 
neurodevelopmental  disorders,  known  as  the  autism  spec¬ 
trum  disorders  (ASDs)  that  include  Asperger  syndrome  and 
pervasive  developmental  disorder-not  otherwise  specified. 
According  to  a  recent  report  from  the  Centers  for  Disease 
Control  and  Prevention,  the  prevalence  of  autism  by  the  age 
of  8  years  is  1  in  110  children  (Rice  2009).  The  onset  of 
autism  is  gradual  in  many  children.  However,  functional 
regression  has  been  reported  in  early  childhood  in  some 
autism  cases  (Goldberg  et  al.  2003;  Lord  et  al.  2004; 
Ozonoff  et  al.  2005;  Hansen  et  al.  2008).  Accumulating 
evidence  supports  a  prenatal  onset  for  developmental  abnor¬ 
malities  leading  to  autism  (Kolevzon  et  al.  2007;  Kinney 


et  al.  2008).  Postmortem  assessments  of  the  brains  of 
individuals  with  autism  have  unveiled  early  neurodevelop¬ 
mental  alterations,  including  reduced  programed  cell  death 
and/or  increased  cell  proliferation,  altered  cell  migration, 
abnormal  cell  differentiation  with  reduced  neuronal  size,  and 
altered  synaptogenesis  (Bauman  and  Kemper  2005;  Wegiel 
et  al.  2009,  2010). 
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Mitochondria  are  central  to  many  cellular  functions, 
including  the  generation  of  energy  in  the  form  of  ATP  and 
the  maintenance  of  intracellular  calcium  homeostasis.  They 
are  the  primary  source  of  free  radicals,  that  is,  reactive 
oxygen  species  (ROS)  and  trigger  apoptosis  (Cadenas  and 
Davies  2000;  Lenaz  2001;  Szewczyk  and  Wojtczak  2002; 
Polster  and  Fiskum  2004).  Neurons  in  particular  rely  on  the 
mitochondria  because  of  neurons’  high  levels  of  metabolism 
and  subsequent  need  for  energy.  Mitochondria  are  localized 
in  synapses,  and  alterations  of  the  number,  morphology,  or 
function  of  synaptic  mitochondria  can  be  detrimental  to 
synaptic  transmission  (Polster  and  Fiskum  2004).  Extensive 
evidence  suggests  that  mitochondrial  dysfunction,  oxidative 
stress,  and  reduced  neurotransmission  occur  in  the  early 
stages  of  several  major  neurodegenerative  diseases,  such  as 
Alzheimer’s  disease  (Reddy  2008;  Reddy  and  Beal  2008; 
Aliev  et  al.  2009;  Wang  et  al.  2009),  Parkinson’s  disease 
(Schapira  et  al.  1990;  Navarro  et  al.  2009),  Fluntington 
disease  (Gu  et  al.  1996),  and  amyotrophic  lateral  sclerosis 
(Wiedemann  et  al.  2002).  Mitochondrial  decay  has  also  been 
suggested  to  be  major  contributor  to  aging  (Ames  2004; 
Reddy  2008).  In  addition,  mitochondrial  dysfunction  in  the 
brain  of  some  individuals  with  schizophrenia  has  been 
reported  (Bubber  et  al.  2004).  However,  brain  mitochondria 
have  not  yet  been  studied  in  autism,  although  altered  energy 
metabolism  as  evidenced  by  alterations  in  peripheral  mark¬ 
ers,  such  as  increased  plasma  lactate  levels  has  been 
suggested  in  autism  (Filipelc  et  al.  2004;  Correia  et  al.  2006). 

Mitochondria  are  responsible  for  most  of  the  energy 
production  through  oxidative  phosphorylation,  a  process 
requiring  the  action  of  various  respiratory  enzyme  com¬ 
plexes,  the  mitochondrial  electron  transport  chain  (ETC) 
located  in  the  inner  mitochondrial  membrane  (Szewczyk  and 
Wojtczak  2002;  Boekema  and  Braun  2007).  Mitochondria 
produce  ATP  by  generating  a  protons  gradient  (membrane 
potential)  with  the  help  of  five  ETC  complexes,  that  is, 
complex  I  (NADH  dehydrogenase),  complex  II  (succinate 
dehydrogenase),  complex  III  (cytochrome  be  1  complex), 
complex  IV  (cytochrome  c  oxidase),  and  ATP  synthase,  also 
known  as  complex  V,  where  the  electron  transport  couples 
with  translocation  of  protons  from  the  mitochondrial  matrix 
to  the  intermembrane  space.  The  generated  proton  gradient  is 
used  by  ATP  synthase  to  catalyze  the  formation  of  ATP  by 
the  phosphorylation  of  ADP  (Scholes  and  Hinkle  1984; 
Bertram  et  al.  2006).  The  number  of  mitochondria  per  cell  is 
roughly  related  to  the  energy  demands  of  the  cell.  The  brain 
has  a  high  demand  for  energy,  and  neurons  contain  a  large 
number  of  mitochondria.  The  ETC  in  mitochondria  is  also  a 
prime  mechanism  for  free  radicals  generation  (Cadenas  and 
Davies  2000;  Lenaz  2001).  The  changes  in  the  mitochondrial 
ETC  have  been  suggested  to  be  an  important  factor  in  the 
pathogenesis  of  several  diseases,  including  neuropsychiatric 
(Rezin  et  al.  2009)  and  neurodegenerative  disorders 
(Burchell  et  al.  2010;  Moreira  et  al.  2010). 


In  this  study,  we  compared  the  protein  levels  of  various 
mitochondrial  respiratory  ETC  complexes  in  different 
regions  of  the  brain  from  subjects  with  autism  and  age- 
matched  control  subjects.  Although  children  with  autism 
showed  a  decrease  in  protein  levels  of  ETC  complexes  in  the 
cerebellum  and  the  frontal  and  temporal  cortices,  no  change 
was  observed  in  the  occipital  and  parietal  cortices.  Interest¬ 
ingly,  when  we  analyzed  the  data  as  a  function  of  age, 
children  with  autism  (4-10  years  of  age)  but  not  adults  with 
autism  (14-39  years  of  age)  showed  lower  protein  levels  of 
brain  ETC  complexes,  suggesting  that  developmental  mito¬ 
chondrial  abnormalities  resulting  in  mitochondrial  dysfunc¬ 
tion,  oxidative  stress,  and  abnormal  energy  metabolism  may 
contribute  to  autistic  phenotype. 

Materials  and  methods 

Materials 

Samples  of  postmortem  frozen  brain  regions,  that  is,  the  cerebellum, 
and  cortices  from  the  frontal,  temporal,  parietal,  and  occipital  lobes 
(N  =  7-8  for  different  brain  regions)  from  subjects  with  autism  and 
age-matched  control  subjects  were  obtained  from  the  National 
Institute  of  Child  Health  and  Human  Development  Brain  and  Tissue 
Bank  for  Developmental  Disorders  at  the  University  of  Maryland. 
Donors  with  autism  fit  the  diagnostic  criteria  of  the  Diagnostic  and 
Statistical  Manual-IV,  as  confirmed  by  the  Autism  Diagnostic 
Interview-Revised.  All  brain  samples  were  stored  at  -70°C.  This 
study  was  approved  by  the  Institutional  Review  Board  of  the  New 
York  State  Institute  for  Basic  Research  in  Developmental  Disabil¬ 
ities.  The  case  history  (diagnosis,  age,  postmortem  interval,  and 
cause  of  death)  for  the  subjects  with  autism  and  control  subjects  is 
summarized  in  Table  SI. 

Preparation  of  brain  homogenates 

The  tissue  samples  were  homogenized  (10%  w/v)  in  cold  buffer 
containing  50  mM  Tris-HCl  (pH  7.4),  8.5%  sucrose,  2  mM  EDTA, 
10  mM  P-mercaptoethanol,  and  protease  inhibitor  cocktail  (Sigma- 
Aldrich,  St  Louis,  MO,  USA)  in  a  Downs  homogenizer  with  five 
strokes  at  4°C.  The  protein  concentration  was  assayed  by  bicinchon- 
inic  acid  protein  assay  kit  (Thermo  Scientific,  Rockford,  IL,  USA). 

Western  blotting 

The  brain  homogenates  of  subjects  with  autism  and  control  subjects 
were  mixed  with  loading  buffer  and  boiled  in  a  water  bath  for  5  min. 
Fifty  micrograms  of  total  protein  of  each  sample  was  separated 
using  a  12%  sodium  dodecyl  sulfate-polyacrylamide  gel  electro¬ 
phoresis  and  then  transferred  to  a  nitrocellulose  membrane 
(0.45  pm;  Bio-Rad  Laboratories,  Hercules,  CA,  USA)  using 
100  V  for  40  min.  The  membrane  was  blocked  with  Tris-buffered 
saline  containing  5%  fat-free  dried  milk  for  1  h  at  22°C,  and  further 
incubated  overnight  at  4°C  with  mouse  monoclonal  OXPHOS 
antibody  (dilution  1  :  1500;  MitoSciences,  Eugene,  OR,  USA) 
against  mitochondrial  ETC  complexes  1-V.  The  membrane  was  then 
washed  with  Tris-buffered  saline-0.05%  Tween  20  three  times  and 
incubated  with  horseradish  peroxidase-conjugated  secondary  anti¬ 
body  (dilution  1  :  5000;  Thenno  Scientific)  for  45  min  at  22°C.  The 
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membrane  was  washed  again,  and  the  immunoreactive  proteins  were 
visualized  using  the  ECL  substrate  (Thenno  Scientific).  The  levels 
of  (3-actin  (the  loading  control)  were  determined  by  stripping  and 
reprobing  the  membrane  with  anti-(3-actin  antibody  (dilution 
1  :  20  000;  Abeam,  Cambridge,  MA,  USA).  While  the  two  top 
bands  for  ETC  complexes  II  and  V  were  clearly  visible,  other 
complexes  were  relatively  faint  on  the  same  blot.  Therefore,  to 
enhance  visualization  of  the  remaining  ETC  complexes,  the 
membrane  was  re-exposed  for  a  longer  period  of  time. 

The  film  was  scanned  and  the  bands  were  analyzed  by  using 
Image  J  software  (NIH,  Bethesda,  MD,  USA).  The  densities  of 
different  mitochondrial  ETC  complexes  and  [S-actin  were  estimated. 
The  relative  densities  of  the  mitochondrial  complexes  versus  (3-actin 
in  autism  and  control  groups  were  compared  by  unpaired  Student’s 
t-test. 

Measurement  of  lipid  hydroperoxide  (LOOH) 

The  levels  of  LOOH  were  measured  in  the  brain  homogenates,  as 
described  by  Patsoukis  and  Georgiou  2007.  The  photometric  assay 
of  LOOH  measurement  is  based  on  the  reaction  of  Fe3+  with  LOOH, 
which  converts  Fe3+  to  Fe2+.  The  reaction  of  Fe2+  with  the  reagent 
dye  xylenol  orange  results  in  the  formation  of  chromogenic  product, 
which  is  measured  at  560  nm. 

Results 

The  levels  of  different  ETC  complexes  were  measured  in  the 
cerebellum  and  the  frontal,  parietal,  occipital,  and  temporal 
cortices  of  autism  and  age-matched  controls  by  western 
blotting.  The  relative  density  of  the  bands  of  different 
mitochondrial  complexes  versus  P-actin  (loading  control)  is 
plotted  as  a  histogram,  and  scattered  plots  show  overall 
distribution  of  the  data.  Analysis  of  the  data  revealed  lower 
levels  of  the  ETC  complexes  in  the  cerebellum  and  the 
frontal  and  temporal  cortices  in  the  children  with  autism  of 
ages  4-10  years  than  in  age-matched  controls,  but  not  in 
autistic  group  of  14-39  years  of  age.  None  of  the  ETC 
complexes  showed  any  difference  in  parietal  and  occipital 
cortices  between  subjects  with  autism  and  control  subjects  in 
any  age  group,  suggesting  that  there  are  brain  region-specific 
changes  in  mitochondrial  ETC  complexes  in  children  with 
autism.  Therefore,  we  divided  the  samples  into  two  groups: 
Group  A  (children,  4-10  years)  and  Group  B  (adults,  14- 
39  years).  The  densitometric  data  of  all  ETC  complexes 
normalized  to  P-actin  are  shown  for  all  brain  regions  in 
Group  A,  Group  B,  and  the  entire  group,  that  is,  Group 
A  +  Group  B.  The  scattered  plot  of  samples  is  only  shown 
when  statistically  significant  changes  in  ETC  complexes 
between  autism  and  control  groups  were  observed. 

Lower  levels  of  ETC  complexes  III  and  V  in  the  cerebellum  of 
children  with  autism 

Western  blot  analysis  of  the  levels  of  different  ETC 
complexes  in  the  cerebellum  of  subjects  with  autism  and 
age-matched  control  subjects  is  shown  in  Fig.  1(a)  (Group  A, 


age:  4-10  years)  and  Fig.  1(b)  (Group  B,  age:  14—39  years). 
The  relative  densities  of  different  ETC  complexes  normalized 
to  that  of  P-actin  (loading  control)  are  presented  in  Fig.  1(c) 
(Group  A),  Fig.  1(e)  (Group  B),  and  Fig.  1(f)  (Groups 
A  +  B).  In  Group  A,  significantly  lower  levels  were  observed 
for  complex  III  [mean  ±  SE  =  0.629  ±  0.032  (autism), 
0.899  ±  0.067  (control),  p  <  0.05)]  and  complex  V  [mean  ± 
SE  =  0.823  ±  0.032  (autism),  1.154  ±0.105  (control), 
p  <  0.05)]  in  subjects  with  autism  as  compared  with  age- 
matched  controls  (Fig.  lc).  Scattered  plot  of  the  data  in 
Group  A  showed  that  there  was  no  overlap  for  complexes  III 
and  V  between  subjects  with  autism  and  control  subjects 
(Fig.  Id).  A  trend  toward  lower  levels  of  complex  II  was  also 
observed  in  subjects  with  autism  compared  to  control 
subjects,  but  it  was  not  significant  (Fig.  lc),  while  the  levels 
of  complexes  I  and  IV  were  similar  between  subjects  with 
autism  and  control  subjects.  In  adults,  that  is,  Group  B,  there 
was  no  change  in  the  levels  of  ETC  complexes  in  subjects 
with  autism  compared  with  those  in  age-matched  controls. 
Flowever,  a  decrease  in  complex  II  was  observed  in  66%  of 
subjects  with  autism  (mean  ±  SE  =  0.38  ±  0.102)  compared 
with  control  subjects  (mean  ±  SE  =  0.626  ±  0.139),  but  it 
was  not  significant.  When  the  data  were  analyzed  for  Group 
A  +  Group  B,  lower  levels  of  complexes  II,  III,  and  V  were 
observed  in  subjects  with  autism,  but  it  was  not  significant 
(Fig.  If). 

Lower  levels  of  ETC  complexes  in  the  frontal  cortex  of 
children  with  autism 

Western  blot  analysis  of  the  levels  of  ETC  complexes  in  the 
frontal  cortex  of  subjects  with  autism  and  age-matched 
control  subjects  is  shown  in  Fig.  2(a)  for  Group  A,  and 
Fig.  2(b)  for  Group  B.  Flistogram  analysis  of  the  relative 
density  of  the  data  of  ETC  complexes  is  shown  in  Fig.  2(c) 
for  Group  A,  Fig.  2(e)  for  Group  B,  and  Fig.  2(f)  for  the 
entire  Group  A  +  B.  When  data  in  Group  A  were  analyzed,  a 
significant  decrease  in  levels  was  observed  for  only  complex 
I  [(mean  ±  SE  =  0.143  ±  0.073  (autism),  0.395  ±  0.044 
(control),  p  <  0.05)];  however,  a  general  trend  toward 
decreases  in  levels  of  the  other  complexes,  that  is,  II— V 
was  also  observed  (Fig.  2c).  It  was  interesting  to  observe 
from  the  scattered  plot  that  60%  (3/5)  of  complexes  I,  II,  and 
V,  and  40%  (2/5)  of  complexes  III  and  IV  in  the  autism  group 
had  levels  below  the  cutoff  lower  range  for  the  control  group, 
suggesting  that  a  subset  of  autism  cases  has  decreased  levels 
of  all  ETC  complexes  in  the  frontal  cortex. 

In  Group  B,  no  change  was  observed  in  the  levels  of  ETC 
complexes  (Fig.  le),  except  that  a  non-significant  decrease 
was  observed  for  complex  III,  where  66%  of  subjects  with 
autism  had  decreased  levels.  When  both  Groups  A  and  B 
were  analyzed  together  (Fig.  2f),  a  general  trend  toward 
decreases  in  the  levels  of  all  ETC  complexes  was  observed  in 
subjects  with  autism,  but  it  was  not  significant. 
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Fig.  1  Electron  transport  chain  (ETC)  complexes  in  the  cerebellum 
from  subjects  with  autism  and  age-matched  control  subjects  in  Group  A 
(age:  4-10  years)  and  Group  B  (age:  14-39  years).  The  Group  A 
samples  were  A1-A4  for  subjects  with  autism,  and  C1-C4  for  control 
subjects  (a),  whereas  Group  B  samples  were  A5-A7  for  subjects  with 


autism,  and  C5-C7  for  control  subjects  (b).  Western  blots  are  repre¬ 
sented  in  (a)  (Group  A)  and  (b)  (Group  B).  The  relative  densities  of 
different  ETC  complexes  normalized  to  p-actin  are  shown  in  (c)  (Group 
A),  (e)(Group  B),  and  (f)  (combined  Groups  A  +  B).  Scattered  plot  of 
the  data  for  Group  A  is  shown  in  (d).  *p  <  0.05,  unpaired  f- test. 


Lower  levels  of  ETC  complexes  II,  III  and  V  in  the  temporal 
cortex  of  children  with  autism 

Western  blot  analysis  of  the  levels  of  ETC  complexes  in  the 
temporal  cortex  of  subjects  with  autism  and  age-matched 
control  subjects  is  shown  in  Fig.  3(a)  (Group  A)  and 
Fig.  3(b)  (Group  B).  Data  analysis  in  Group  A  showed  that 
the  levels  of  complexes  II,  III,  and  V  were  significantly  lower 
in  subjects  with  autism  as  compared  with  age-matched 
control  subjects  (Fig.  3c).  The  mean  values  ±  SE  were  as 
follows:  for  complex  II  in  autism,  0.425  ±  0.082,  in  control, 
0.787  ±  0.022  (p  <  0.01);  complex  III  in  autism,  0.710  ± 
0.008,  and  in  control,  0.972  ±  0.038  (p  <  0.01);  and  complex 
V  in  autism,  0.813  ±  0.083,  and  in  control,  1.147  ±  0.048 
( p  <  0.05).  Scattered  plot  analysis  showed  that  there  was  no 
overlap  in  the  levels  of  these  ETC  complexes  between 
subjects  with  autism  and  control  subjects.  In  contrast,  no 
significant  change  in  any  of  the  ETC  complexes  was 
observed  in  Group  B  (Fig.  5f).  When  both  Groups  A  and 


B  were  combined,  only  complex  II  was  significantly 
decreased  {p  <  0.05)  in  subjects  with  autism  (mean  ±  SE  = 
0.474  ±  0.057)  as  compared  to  control  subjects  (mean  ± 
SE  =  0.706  ±  0.053)  (Fig.  3f). 

The  levels  of  ETC  complexes  are  not  affected  in  parietal  and 
occipital  cortices  of  subjects  with  autism 

Western  blots  of  ETC  complexes  in  the  parietal  cortex  (Fig.  4a 
and  b)  and  occipital  cortex  (Fig.  5a  and  b)  and  histograms  of 
relative  densities  (parietal  cortex,  Fig.  4c-e;  occipital  cortex, 
Fig.  5c-e)  showed  that  the  levels  of  ETC  complexes  are  not 
affected  in  Group  A  as  well  as  in  Group  B  of  subjects  with 
autism  as  compared  to  age-matched  control  subjects.  These 
results  suggest  that  there  is  a  brain  region-specific  decrease  in 
the  levels  of  ETC  complexes  in  the  cerebellum  and  the  frontal 
and  temporal  cortices  but  not  in  the  parietal  and  occipital 
cortices  of  subjects  with  autism.  Because  the  parietal  and 
occipital  cortices  were  not  affected  in  subjects  with  autism  in 
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Fig.  2  Electron  transport  chain  (ETC)  complexes  in  the  frontal  cortex 
from  subjects  with  autism  and  age-matched  control  subjects  in  Group  A 
(age:  4-10  years)  and  Group  B  (age:  14-39  years).  The  Group  A 
samples  were  A1-A5  for  subjects  with  autism,  and  C1-C4  for  control 
subjects  (a),  whereas  Group  B  samples  were  A6-A8  for  subjects  with 


autism,  and  C5-C7  for  control  subjects  (b).  Western  blots  are  repre¬ 
sented  in  (a)  (Group  A)  and  (b)  (Group  B).  The  relative  densities  of 
different  ETC  complexes  normalized  to  |3-actin  are  shown  in  (c)  (Group 
A),  (e)  (Group  B),  and  (f)  (combined  Groups  A  +  B).  Scattered  plot  of 
the  data  for  Group  A  is  shown  in  (d).  *p  <  0.05,  unpaired  Mest. 


comparison  with  control  subjects,  while  the  frontal  and 
temporal  cortices  and  the  cerebellum  from  subjects  with 
autism  were  affected,  our  results  indirectly  suggest  that 
postmortem  interval  is  not  a  contributing  factor  toward  the 
observed  brain  mitochondrial  abnormalities  in  autism. 

Increased  levels  of  LOOHs  in  specific  brain  regions  in 
children  with  autism 

To  assess  whether  changes  in  mitochondrial  ETC  in  the 
children  with  autism  also  results  in  increased  free  radical 
generation  and  oxidative  stress,  we  measured  the  levels  of 
LOOH,  a  product  of  fatty  acid  oxidation,  in  the  frontal, 
temporal,  occipital  and  parietal  cortices,  and  cerebellum  from 
children  with  autism  and  age-matched  controls  (Fig.  6).  The 
levels  of  LOOT!  were  significantly  increased  in  the  cerebel¬ 
lum  and  temporal  cortex  of  subjects  with  autism  as  compared 
with  age-matched  control  subjects  in  Group  A.  An  increase 
in  the  levels  of  LOOH  was  also  observed  in  the  frontal  cortex 


in  autism  group,  but  it  was  not  statistically  significant.  No 
change  in  the  levels  of  LOOH  was  observed  in  the  parietal 
and  occipital  cortices  between  autism  and  control  groups. 

Discussion 

Although  the  cause  of  autism  remains  elusive,  it  is  consid¬ 
ered  a  multifactorial  disorder  that  is  influenced  by  genetic, 
environmental,  and  immunological  factors  as  well  as 
increased  vulnerability  to  oxidative  stress  (Chauhan  and 
Chauhan  2006).  In  this  study,  we  report  two  interesting 
observations:  (i)  brain  region-specific  changes  occur  in  the 
levels  of  ETC  complexes  in  the  cerebellum  and  the  frontal 
and  temporal  cortices  but  not  in  the  parietal  and  occipital 
cortices  in  subjects  with  autism,  and  (ii)  the  changes  above 
are  observed  only  in  young  children  with  autism  but  not  in 
adults  with  autism.  We  recently  reported  that  the  activities  of 
Ca2+-Mg2+-ATPase  and  Na+-K+-ATPase  were  also  affected 
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Fig.  3  Electron  transport  chain  (ETC)  complexes  in  the  temporal  cortex 
from  subjects  with  autism  and  age-matched  control  subjects  in  Group  A 
(age:  4-10  years)  and  Group  B  (age:  14-39  years).  The  Group  A 
samples  were  A1-A4  for  subjects  with  autism,  and  C1-C4  for  control 
subjects  (a),  whereas  Group  B  samples  were  A5-A7  for  subjects  with 


autism,  and  C5-C7  for  control  subjects  (b).  Western  blots  are  repre¬ 
sented  in  (a)  (Group  A)  and  (b)  (Group  B).  The  relative  densities  of 
different  ETC  complexes  normalized  to  p-actin  are  shown  in  (c)  (Group 
A),  (e)  (Group  B),  and  (f)  (combined  Groups  A  +  B).  Scattered  plot  of  the 
data  for  Group  A  is  shown  in  (d).  *p  <  0.05,  **p  <  0.01 ,  unpaired  f-test. 


in  the  cerebellum  and  frontal  cortex,  suggesting  that  the 
cerebellum  and  frontal  cortex  may  have  biochemical  changes 
in  autism  (Ji  et  al.  2009).  Mitochondria  are  vulnerable  to  a 
wide  array  of  endogenous  and  exogenous  factors,  which 
appear  to  be  linked  by  excessive  production  of  free  radicals. 
The  free  radicals  are  generated  endogenously  during  oxida¬ 
tive  metabolism  and  energy  production  by  mitochondria 
(Cadenas  and  Davies  2000;  Lenaz  2001).  Mitochondria  are 
not  only  the  source  of  free  radicals,  but  they  are  also  the 
target  of  oxidative  damage.  In  addition  to  producing  more 
oxidants,  damaged  mitochondria  are  also  vulnerable  to 
oxidative  stress.  Increasing  evidence  from  our  and  other 
groups  suggests  a  role  of  oxidative  stress  in  the  development 
and  clinical  manifestation  of  autism  (McGinnis  2004; 
Chauhan  and  Chauhan  2006).  Levels  of  oxidative  stress 
markers  are  increased  in  the  blood  (Chauhan  et  al.  2004; 
James  et  al.  2004;  Zoroglu  et  al.  2004;  Chauhan  and 
Chauhan  2006),  urine  (Ming  et  al.  2005),  and  brains 
(Lopez-Hurtado  and  Prieto  2008;  Evans  et  al.  2009; 


Muthaiyah  et  al.  2009;  Sajdel-Sulkowska  et  al.  2009)  of 
individuals  with  autism  as  compared  with  controls.  In  this 
study,  increased  levels  of  LOOH  were  also  observed  in  the 
children  with  autism  in  same  brain  regions  where  mitochon¬ 
drial  ETC  abnormalities  were  observed.  As  ETC  in  mito¬ 
chondria  is  a  prime  source  for  ROS  generation,  these  results 
also  support  the  findings  on  mitochondrial  dysfunction  in 
children  with  autism. 

Mitochondria  play  a  central  role  in  the  energy-generating 
process  through  the  transfer  of  electrons  with  the  help  of  five 
ETC  complexes  and  generation  of  a  proton  gradient  in  the 
inner  membrane  of  the  cell.  Although  the  end  product  of  the 
respiratory  chain  is  water  that  is  generated  in  a  four-electron 
reduction  of  molecular  oxygen  by  complex  IV,  a  minor 
proportion  of  02  can  be  involved  in  the  one-electron 
reduction  processes  generating  ROS,  in  particular,  superox¬ 
ide  anion  radical  (O-  2),  hydrogen  peroxide  (H2O2),  and  the 
extremely  reactive  hydroxyl  radical  (OH).  Generation  of 
ROS  occurs  mainly  at  complex  III  as  a  result  of  proton 
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Fig.  4  Electron  transport  chain  (ETC)  complexes  in  the  parietal 
cortex  from  subjects  with  autism  and  age-matched  control  subjects  in 
Group  A  (age:  4-10  years)  and  Group  B  (age:  14-39  years).  The 
Group  A  samples  were  A1-A4  for  subjects  with  autism,  and  C1-C4 
for  control  subjects  (a),  whereas  Group  B  samples  were  A5-A7  for 


subjects  with  autism  and  C5-C7  for  control  subjects  (b).  Western 
blots  are  represented  in  (a)  (Group  A)  and  (b)  (Group  B).  The  relative 
densities  of  different  ETC  complexes  normalized  to  p-actin  are 
shown  in  (c)  (Group  A),  (d)  (Group  B),  and  (e)  (combined  Groups 
A  +  B). 
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Fig.  5  Electron  transport  chain  (ETC)  complexes  in  the  occipital 
cortex  from  subjects  with  autism  and  age-matched  control  subjects  in 
Group  A  (age:  4-10  years)  and  Group  B  (age:  14-39  years).  The 
Group  A  samples  were  A1-A4  for  subjects  with  autism,  and  C1-C4 
for  control  subjects  (a),  whereas  group  B  samples  were  A5-A7  for 


subjects  with  autism  and  C5-C7  for  control  subjects  (b).  Western 
blots  are  represented  in  (a)  (Group  A)  and  (b)  (Group  B).  The  relative 
densities  of  different  ETC  complexes  normalized  to  p-actin  are 
shown  in  (c)  (Group  A),  (d)  (Group  B),  and  (e)  (combined  Groups 
A  +  B). 


cycling  between  ubiquinone,  cytochromes  b  and  cl,  and 
iron-sulfur  protein  (Sugioka  et  al.  1988).  Some  contribution 
of  complex  I  to  this  process  has  also  been  found.  Conse¬ 
quently,  abnormalities  in  the  levels  of  ETC  complexes  may 


be  responsible  for  the  observed  oxidative  stress  in  autism. 
The  brain  is  highly  vulnerable  to  oxidative  stress,  as  it 
represents  only  2%  of  the  total  body  weight,  but  it  accounts 
for  20%  of  all  oxygen  consumption,  reflecting  its  high  rate  of 
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Fig.  6  Levels  of  lipid  hydroperoxides  in  different  regions  of  brain 
from  subjects  with  autism  and  age-matched  controls  in  Group  A 
(age:  4-10  years).  Lipid  hydroperoxides  were  measured  in  the  brain 
homogenates  from  frontal,  temporal,  occipital  and  parietal  cortices, 
and  cerebellum  of  subjects  with  autism  and  age-matched  controls  in 
Group  A.  The  data  represent  mean  ±  SE.  *p  <  0.05,  unpaired  f-test. 

metabolic  activity  (Juurlink  and  Paterson  1998;  Shulman 
et  al.  2004).  Mitochondria  have  a  crucial  role  in  the  supply 
of  energy  to  the  brain.  Damaged  ETC  complexes  compro¬ 
mise  ATP  synthesis  and  accelerate  the  generation  of  free 
radicals.  Therefore,  the  mitochondrial  ETC  defects  observed 
in  the  brains  of  young  individuals  with  autism  may  have 
important,  detrimental  consequences  on  the  function  and 
plasticity  of  neurons  in  autism. 

Mitochondrial  diseases  have  been  linked  to  poor  growth, 
loss  of  muscle  coordination,  muscle  weakness,  developmen¬ 
tal  delays,  learning  disabilities,  mental  retardation,  gastroin¬ 
testinal  disorders,  neurological  problems,  seizures,  and 
dementia  (Read  and  Calnan  2000;  Xu  et  al.  2005;  Aliev 
et  al.  2009).  Depending  on  how  severe  the  mitochondrial 
disorder  is,  the  illness  can  range  in  severity  from  mild  to 
fatal.  It  should  be  noted  that  some  of  the  symptoms  of 
mitochondrial  diseases,  such  as  learning  disabilities,  mental 
retardation,  seizures,  neurological  problems,  and  gastrointes¬ 
tinal  disturbances,  are  also  present  in  a  subset  of  individuals 
with  autism. 

Although  this  study  is  the  first  to  report  on  brain 
mitochondrial  abnormalities  in  autism,  a  few  case  reports 
of  mitochondrial  disorder  have  been  reported  in  individuals 
with  autism  on  the  basis  of  blood  analysis  and/or  muscle 
biopsy.  These  case  reports  include  a  child  with  autism  with 
documented  complex  IV  deficiency  (Laszlo  et  al.  1994);  a 
boy  with  autism  with  complex  IV  defect  and  a  mtDNA 
G8363A  mutation  (Graf  et  al.  2000);  two  children  with 
autism  with  deficiencies  in  several  respiratory  chain 
enzymes,  including  complexes  I  III  and  coenzyme  Q  (Tsao 
and  Mendell  2007);  and  five  individuals  with  autism  and 
mtDNA  mutations  or  a  mtDNA  deletion  (Pons  et  al.  2004). 
Anatomical  and  neuroradiographical  studies  of  the  brains  of 
individuals  with  autism  have  also  suggested  that  a  distur¬ 
bance  of  energy  metabolism  may  be  present  (Lombard  1998; 
Chugani  et  al.  1999).  'P-Magnetic  resonance  spectroscopy 
showed  increased  membrane  degradation  and  decreased 


synthesis  of  ATP  in  autism  (Minshew  et  al.  1993).  In 
addition,  carnitine  deficiency  in  plasma,  accompanied  by 
elevations  in  lactate,  alanine,  and  ammonia  levels  in  autism, 
findings  suggestive  of  mild  mitochondrial  dysfunction  was 
reported  in  autism  (Filipek  et  al.  2004).  Another  study  also 
showed  a  high  frequency  of  increased  plasma  lactate  levels 
and  increased  lactate/pyruvate  ratio  in  individuals  with 
autism  (Correia  et  al.  2006).  Although  the  mechanism  of 
hyperlactacidemia  remains  unknown,  these  case  reports 
support  dysfunction  of  mitochondrial  oxidative  phosphory¬ 
lation  in  autism. 

A  population-based  study  in  Portugal  examining  medical 
conditions  in  120  children  with  autism  found  a  dispropor¬ 
tionately  high  prevalence  (7%)  of  mitochondrial  diseases  in 
individuals  with  autism  (Oliveira  et  al.  2005).  However, 
these  children  did  not  have  any  known  mtDNA  mutations 
and/or  deletions  associated  with  known  mitochondrial  dis¬ 
orders.  This  report  suggests  that  a  substantial  percentage  of 
subgroups  of  autism  may  have  a  mitochondrial  disorder. 

The  risk  of  sudden  death  of  individuals  who  have  inverted 
duplication  of  chromosome  15q  (idic  15)  is  approximately 
1%  per  year  (Cleary  2009).  This  abnormality  occurs  in  1-5% 
of  individuals  with  autism  (Gillberg  1998;  Schroer  et  al. 
1998).  Children  with  autism  with  a  chromosome  1 5q  1 1  -q  1 3 
inverted  duplication  have  been  found  to  have  motor  delay, 
lethargy,  severe  hypotonia,  and  modest  lactic  acidosis.  It  is  of 
interest  to  note  that  two  children  with  autism  and  idic  15 
showed  mitochondrial  hyperproliferation  and  complex  III 
defect  (Filipek  et  al.  2003),  and  two  autism  cases  associated 
with  sudden  infant  death  syndrome  showed  mild  mitochon¬ 
drial  hyperproliferation  and  a  possible  complex  II  defect 
(Gargus  and  Imtiaz  2008).  These  studies  suggest  that 
candidate  gene  loci  for  autism  within  the  critical  region 
may  affect  pathways  influencing  mitochondrial  function 
(Filipek  et  al.  2003). 

In  regressive  autism,  children  first  show  signs  of  nonnal 
social  and  language  development  through  the  first  year  of  life 
but  lose  these  developmental  skills  at  15-24  months  and 
develop  autistic  behavior  (Ozonoff  et  al.  2005).  The  rate  of 
regressive  autism  varies  from  15%  to  62%  of  cases 
(Goldberg  et  al.  2003;  Lord  et  al.  2004;  Hansen  et  al. 
2008).  A  recent  study  examined  a  group  of  25  individuals 
with  autism  who  also  had  confirmed  mitochondrial  disorders 
(Weissman  et  al.  2008).  They  reported  that  40%  of  this  group 
demonstrated  unusual  pattern  of  regression  (multiple  epi¬ 
sodes,  loss  of  motor  skills,  and  regression  after  the  age  of  3). 
In  this  cohort,  the  deficiency  of  ETC  complexes  I  and  III  was 
observed  in  64%  and  20%  of  individuals  with  autism, 
respectively,  and  two  had  a  rare  mtDNA  mutation.  Another 
case  report  implicated  mitochondrial  dysfunction  as  a  factor 
contributing  to  vaccine-related  regression  (Poling  et  al. 
2006;  Zecavati  and  Spence  2009).  A  recent  report  also 
suggests  that  fever  in  children  with  mitochondrial  disease  is 
a  risk  to  autistic  regression  (Shoffner  et  al.  2010). 
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This  study  suggests  that  abnormalities  in  the  mitochon¬ 
drial  ETC  complex  levels  may  be  one  of  the  factors  in  the 
etiology  of  autism.  This  will  lead  to  oxidative  stress  and 
abnormal  energy  metabolism  in  autism.  In  our  studies, 
deficiency  of  mitochondrial  ETC  complexes  was  observed  in 
children  with  autism  (ages  4-10  years)  but  not  in  adults  with 
autism  (14-39  years  of  age).  Age  also  seems  to  play  a 
critical  role  in  determining  brain  growth  in  autism.  Enlarged 
brain  size  (megaloencephaly),  particularly  in  the  tempero- 
parietal  region,  is  the  most  consistent  observation  in  young 
children  with  autism  (Goldberg  et  al.  1999).  The  initial 
accelerated  brain  growth  in  young  children  is  followed  by 
abnormal  slowness  and  growth  arrest  that  results  in  normal¬ 
ization  of  brain  size  in  late  childhood  and  in  adults  (Hardan 
et  al.  2001;  Aylward  et  al.  2002;  Courchesne  2004;  Herbert 
2005).  Head  circumference  measurements  have  also  shown 
increased  brain  volume  in  young  children,  later  returning  to 
normal  volume.  Thus,  very  large  differences  between  children 
with  autism  and  normal  children  are  evident  at  early  ages,  but 
differences  are  not  seen  in  adult  cases  (Aylward  et  al.  2002; 
Courchesne  2004).  In  addition,  age-related  changes  in 
cerebellar  nuclei  and  inferior  olives  have  also  been  reported 
in  autism  (Palmen  et  al.  2004).  The  pattern  of  age-related 
changes  in  the  severity  of  autism  symptoms  also  suggests 
that  causative  factors  determine  both  developmental  and  age- 
associated  modifications.  While  age-related  increases  in  the 
severity  of  autism  symptoms  have  been  reported  among 
individuals  with  idic  15  syndrome  (Rineer  et  al.  1998), 
significant  improvement  of  communication  and  social 
behaviors  with  increasing  age  has  been  reported  in  other 
autistic  cohorts  (Mesibov  et  al.  1989;  Piven  et  al.  1996). 
Recent  evidence  suggests  that  3-25%  children  with  a 
previous  diagnosis  of  ASD  recover  and  show  normal  ranges 
of  cognitive,  adaptive,  and  social  skills  (Helt  et  al.  2008). 

Neuropathological  studies  in  autism  suggest  prenatal  and 
postnatal  developmental  abnonnalities  in  multiple  regions  of 
the  brain,  including  the  cerebellum,  frontal  and  temporal 
cortices,  cortical  white  matter,  amygdala,  and  brainstem 
(particularly  the  olivary  nuclei)  (Palmen  et  al.  2004;  Bauman 
and  Kemper  2005;  Pickett  and  London  2005;  Schmitz  and 
Rezaie  2008;  Wegiel  et  al.  2009,  2010).  There  is  substantial 
evidence  from  neuroimaging  studies  that  dysfunctions  in  the 
cerebellum  and  possibly  the  temporal  lobe  and  association 
cortex  result  in  autism  symptoms.  Loss  of  Purkinje  and 
granule  cells  has  been  reported  throughout  the  cerebellar 
hemispheres  in  autism  (Bauman  and  Kemper  1985,  2005; 
Kern  2003;  Casanova  2007).  Alterations  in  neuronal  size, 
density,  and  dendritic  branching  in  the  cerebellum  and  limbic 
structures  (hippocampus  and  amygdala)  have  also  been 
reported  in  autism. 

The  prevalence  rate  of  mitochondrial  disease  is  about  one 
in  5000-10  000  children  (Skladal  et  al.  2003;  Schaefer  et  al. 
2004).  In  contrast,  the  prevalence  rate  for  autism  is  1  in  110 
children  (Rice  2009).  As  we  observed  a  high  percentage  of 


changes  in  complexes  I — III,  and  V  in  the  cerebellum  and 
frontal  and  temporal  cortices  of  individuals  with  autism,  it 
seems  that  autism  is  associated  with  mitochondrial  dysfunc¬ 
tion,  although  clinical  symptoms  of  mitochondrial  disease 
may  be  lacking.  Therefore,  mitochondrial  dysfunctions  rather 
than  mitochondrial  disorders  may  be  more  relevant  in  autism. 
The  clinical  diagnosis  of  mitochondrial  disease  is  often  made 
with  biochemical  analysis  of  lactate,  pyruvate,  and  alanine  in 
blood,  urine,  or  cerebrospinal  fluid.  However,  the  analysis  of 
biochemical  metabolites  to  diagnose  mitochondrial  disease 
may  not  be  sufficient,  as  these  analyses  seem  to  be  frequently 
normal,  even  in  some  severe  cases  of  the  disease.  The  clinical 
symptoms  of  mitochondrial  disease  are  increased  when  ASD 
has  comorbidity,  such  as  hypotonia  and  motor  delay,  fatigue, 
metabolic  abnonnalities,  and  epilepsy  (Fillano  et  al.  2002). 
The  genetics  of  autism  is  complex,  with  the  involvement  of 
multiple  genes.  However,  no  gene  has  been  identified  that 
follows  the  typical  Mendelian  laws  of  inheritance.  ASDs  may 
have  mild  changes  in  the  levels  of  ETC  complexes  that  may 
or  may  not  be  related  to  a  gene  mutation.  The  mild  foim  of 
mitochondrial  abnormalities  observed  in  autism  may  also  be 
linked  to  other  abnormalities  such  as  the  excessive  Ca2+ 
observed  in  the  mitochondria  in  autism.  Excessive  levels  of 
Ca2+  in  the  mitochondria  can  affect  the  mitochondrial 
metabolism  and  increase  the  oxidative  stress  in  the  brains 
of  individuals  with  autism  (Palmieri  et  al.  2010). 

The  mechanism  by  which  mitochondrial  dysfunction  may 
occur  and  affect  development  of  autism  is  not  entirely  clear.  It 
is  possible  that  in  comparison  with  classical  mitochondrial 
disease,  mitochondrial  dysfunction  may  show  less  severe 
symptoms  and  may  not  show  the  classical  mitochondrial 
pathology  on  muscle  biopsy  (Lombard  1998).  Further 
research  with  larger  sample  sizes  is  needed  to  detennine  the 
association  between  mitochondrial  dysfunction  and  severity, 
clinical  phenotypes,  regression,  and/or  idic  15  in  autism. 
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Abstract  Autism  is  a  heterogeneous,  behaviorally 
defined  neurodevelopmental  disorder.  Recently,  we  repor¬ 
ted  a  brain  region-specific  increase  in  lipid  peroxidation, 
and  deficits  in  mitochondrial  electron  transport  chain 
complexes  in  autism,  suggesting  the  role  of  oxidative  stress 
and  mitochondrial  dysfunction  in  the  pathophysiology  of 
autism.  However,  the  antioxidant  status  of  the  brain  is  not 
known  in  autism.  Glutathione  is  a  major  endogenous 
antioxidant  that  plays  a  crucial  role  in  protecting  cells  from 
exogenous  and  endogenous  toxins,  particularly  in  the 
central  nervous  system.  The  present  study  examines  the 
concentrations  of  glutathione  (GSH,  reduced  form;  and 
GSSG,  oxidized  form)  and  the  redox  ratio  of  GSH  to  GSSG 
(marker  of  oxidative  stress)  in  different  regions  of  brains 
from  autistic  subjects  and  age-matched  control  subjects.  In 
the  cerebellum  and  temporal  cortex  from  subjects  with 
autism,  GSH  levels  were  significantly  decreased  by  34.2 
and  44.6  %,  with  a  concomitant  increase  in  the  levels  of 
GSSG  by  38.2  and  45.5  %,  respectively,  as  compared  to 
the  control  group.  There  was  also  a  significant  decrease  in 
the  levels  of  total  GSH  (tGSH)  by  32.9  %  in  the  cerebel¬ 
lum,  and  by  43.1  %  in  the  temporal  cortex  of  subjects  with 
autism.  In  contrast,  there  was  no  significant  change  in 
GSH,  GSSG  and  tGSH  levels  in  the  frontal,  parietal  and 


A.  Chauhan  (El)  •  V.  Chauhan 

NYS  Institute  for  Basic  Research  in  Developmental  Disabilities, 
1050  Forest  Hill  Road,  Staten  Island,  NY  10314,  USA 
e-mail:  abha.chauhan@opwdd.ny.gov 

T.  Audhya 

New  York  University  School  of  Medicine,  New  York,  NY,  USA 
T.  Audhya 

Health  Diagnostics  and  Research  Institute,  South  Amboy, 

NJ,  USA 


occipital  cortices  in  autism  versus  control  group.  The  redox 
ratio  of  GSH  to  GSSG  was  also  significantly  decreased  by 
52.8  %  in  the  cerebellum  and  by  60.8  %  in  the  temporal 
cortex  of  subjects  with  autism,  suggesting  glutathione 
redox  imbalance  in  the  brain  of  individuals  with  autism. 
These  findings  indicate  that  autism  is  associated  with  def¬ 
icits  in  glutathione  antioxidant  defense  in  selective  regions 
of  the  brain.  We  suggest  that  disturbances  in  brain  gluta¬ 
thione  homeostasis  may  contribute  to  oxidative  stress, 
immune  dysfunction  and  apoptosis,  particularly  in  the 
cerebellum  and  temporal  lobe,  and  may  lead  to  neurode¬ 
velopmental  abnormalities  in  autism. 

Keywords  Autism  ■  Brain  •  Glutathione  • 
Neurodevelopment  ■  Oxidative  stress  •  Redox 

Introduction 

Autism  is  a  severe  neurodevelopmental  disorder  charac¬ 
terized  by  deficits  in  social  interaction;  impairments  in 
verbal  and  nonverbal  communication;  and  restricted, 
repetitive  and  stereotyped  patterns  of  behavior  [1].  Autism 
belongs  to  a  group  of  neurodevelopmental  disorders  known 
as  autism  spectrum  disorders  (ASDs),  which  include  per¬ 
vasive  developmental  disorder — not  otherwise  specified 
(PPD-NOS)  and  Asperger  disorder.  According  to  the 
Centers  for  Disease  Control  and  Prevention,  1  in  110 
children  in  the  United  States  is  diagnosed  with  ASDs  [2]. 

Autism  is  a  heterogeneous  disorder,  both  etiologically 
and  phenotypically.  While  the  cause  of  autism  remains 
elusive,  autism  is  considered  a  multi-factorial  disorder  that 
is  influenced  by  genetic,  epigenetic,  environmental  and 
immunological  factors  [3,  4].  Accumulating  evidence 
suggests  that  oxidative  stress  may  be  a  common  feature  in 
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autism  through  which  environmental  factors  exert  their 
deleterious  effects,  which  may  be  further  exacerbated  by 
the  interaction  of  genetically  susceptible  alleles  [3-6]. 
Several  studies  suggest  that  inflammatory  phenomena, 
immune  dysregulation  and  certain  autoimmune  risk  factors 
may  also  contribute  to  the  development  and  pathogenesis 
of  autism  [3,  7-9]. 

The  brain  is  highly  vulnerable  to  oxidative  stress  as  a 
result  of  its  limited  antioxidant  capacity,  high  energy 
requirement  and  high  amounts  of  unsaturated  lipids  and 
iron  [10].  Antioxidants,  particularly  glutathione,  are 
essential  for  neuronal  survival  during  the  early  critical 
period  [11,  12],  Glutathione  exists  in  the  thiol-reduced 
form  (GSH)  and  disulfide-oxidized  form  (GSSG).  GSH  is 
the  most  important  endogenous  antioxidant  for  detoxifica¬ 
tion  and  elimination  of  environmental  toxins  and  free 
radicals,  i.e.,  reactive  oxygen  species  (ROS)  that  cause 
damage  to  cellular  functions  by  oxidizing  lipids,  proteins 
and  DNA.  In  addition  to  serving  as  an  antioxidant,  GSH 
plays  an  important  role  in  cell  differentiation,  proliferation 
and  apoptosis  [11,  13-15].  There  is  also  ample  evidence  on 
the  role  of  glutathione  in  both  innate  and  adaptive  immune 
functions  and  on  its  anti-inflammatory  role  [13,  16-18]. 

Some  studies  provide  evidence  of  the  prenatal  and 
perinatal  onset  for  developmental  abnormalities  that  lead  to 
autism  [19-21].  Children  are  more  vulnerable  than  adults 
to  oxidative  stress,  because  of  their  low  GSH  levels  [22, 
23].  The  risk  from  deficits  in  detoxification  capacity  in 
infants  is  higher  because  some  environmental  factors  that 
induce  oxidative  stress  accumulate  in  the  placenta,  and  are 
found  at  higher  concentrations  in  developing  infants  than  in 
their  mothers. 

The  biological  activity  of  GSH  resides  in  the  sulfhydryl 
(thiol)  group  (SH)  of  cysteine.  It  acts  as  a  reducing  agent, 
and  protects  the  cells  from  the  deleterious  effects  of  ROS 
by  neutralizing  them.  In  this  process,  GSH  is  oxidized  to 
GSSG  by  glutathione  peroxidase  (GPx).  GSSG  can  be 
recycled  back  to  GSH  by  NADPH-dependent  glutathione 
reductase  (GR).  In  healthy  cells  and  tissues,  most  of  the 
total  glutathione  (tGSH)  pool  is  in  the  GSH  form,  and  less 
than  1  %  [24]  or  1.2  %  [25]  exists  in  the  GSSG  form.  GSH 
and  GSSG  are  the  primary  determinants  of  redox  status  in 
all  human  cells.  A  decrease  in  GSH-to-GSSG  redox  ratio  is 
a  marker  of  oxidative  stress. 

Extensive  evidence  from  our  and  other  groups  suggests 
a  role  of  oxidative  stress  in  the  development  and  clinical 
manifestation  of  autism.  The  levels  of  oxidative  stress 
markers  for  lipid  peroxidation,  protein  oxidation  and/or 
DNA  oxidation  are  increased  in  the  blood  [3,  5,  26-28], 
urine  [29]  and  brains  [3,  30-34]  of  autistic  subjects  as 
compared  with  control  subjects.  In  addition,  the  activities 
of  antioxidant  enzymes  and  the  levels  of  antioxidant  pro¬ 
teins,  namely  transferrin  (iron-binding  protein)  and 


ceruloplasmin  (copper-binding  protein)  are  decreased  in 
the  blood  samples  from  autistic  subjects  [26-28,  35]. 
Several  clinical  studies  have  reported  lower  GSH  levels 
and  GSH/GSSG  ratio  in  the  plasma  of  individuals  with 
autism  [36-40].  However,  the  status  of  antioxidant  capac¬ 
ity  in  the  brains  of  individuals  with  autism  has  not  been 
studied  previously. 

Brain  tissue  is  highly  heterogeneous,  with  specific 
functions  localized  in  specific  areas  of  the  brain.  The 
majority  of  free  radicals,  i.e.,  ROS,  are  produced  in  the 
mitochondria  during  oxidative  metabolism  and  energy 
production,  and  the  electron  transport  chain  (ETC)  in 
mitochondria  is  a  prime  source  of  ROS  generation  [41,  42]. 
We  recently  reported  brain  region-specific  deficits  in 
expression  levels  of  mitochondrial  ETC  complexes  in  the 
cerebellum  and  the  frontal  and  temporal  cortices  of  chil¬ 
dren  with  autism  [30],  Interestingly,  the  levels  of  ETC 
complexes  were  unaffected  in  the  parietal  and  occipital 
cortices  in  autistic  subjects  compared  to  control  subjects.  In 
addition,  increased  lipid  peroxidation  was  observed  in  the 
cerebellum  and  temporal  cortex  of  autistic  subjects,  but  not 
in  other  brain  regions  [30].  In  view  of  the  brain  region- 
specific  oxidative  damage  and  mitochondrial  ETC  defects 
in  autism,  it  was  of  interest  to  examine  glutathione  redox 
status  in  different  brain  regions  (cerebellum  and  frontal, 
temporal,  occipital  and  parietal  cortices)  from  autism  and 
age-matched  control  subjects. 

Materials  and  Methods 

Autism  and  Control  Subjects 

Samples  of  postmortem  frozen  brain  regions,  i.e.,  the  cere¬ 
bellum,  and  the  cortices  from  the  frontal,  temporal,  parietal 
and  occipital  lobes  from  autistic  (N  =  7-10  for  different 
brain  regions)  and  age-matched,  typically  developed,  control 
subjects  (N  =  9-10)  were  obtained  from  the  National 
Institute  of  Child  Health  and  Human  Development  (NICHD) 
Brain  and  Tissue  Bank  for  Developmental  Disorders  at  the 
University  of  Maryland,  Baltimore,  MD.  The  age 
(mean  ±  SE)  for  autistic  subjects  was  12.6  ±  3.2  years,  and 
for  control  subjects,  12.4  ±  3.3  years.  All  brain  samples 
were  stored  at  —70  °C.  This  study  was  approved  by  the 
Institutional  Review  Board  of  the  New  York  State  Institute 
for  Basic  Research  in  Developmental  Disabilities. 

The  case  histories  for  the  autistic  and  control  subjects 
are  summarized  in  Table  1.  Donors  with  autism  had  met 
the  diagnostic  criteria  of  the  Diagnostic  and  Statistical 
Manual-IV  (DSM-IV)  for  autism.  The  Autism  Diagnostic 
Interview-Revised  (ADI-R)  test  was  performed  for  donor 
UMB  #s  4671,  4849,  1174,  797,  1182,  4899  and  1638. 
Each  donor’s  impairments  in  social  interaction,  qualitative 


<£]  Springer 


Neurochem  Res  (2012)  37:1681-1689 


1683 


Table  1  Case  history  of  autism  and  control  donors  of  brain  tissue  samples 

Brain  tissue 
(UMB  #) 

Diagnosis 

Autism 

Diagnostic  tests 

Age 

(year) 

Sex 

PMI 

(h) 

Medications 

Cause  of  death 

4671 

Autism 

ADIR,  VABS, 

4.5 

F 

13 

Multiple  injuries  from  fall 

BSID-II 

1349 

Autism 

ADOS,  VABS, 

5.6 

M 

39 

Drowning 

BSID-II 

4849 

Autism 

ADIR,  BSID-II, 

7.5 

M 

20 

Drowning 

CARS 

1174 

Autism 

ADIR,  VABS 

7.8 

F 

14 

Depakote,  Tegretol 

Multiple-system  organ  failure 

4231 

Autism 

0° 

OO 

M 

12 

Zyprexia,  Reminyl 

Drowning 

797 

Autism 

ADIR 

9.3 

M 

13 

Desipramine 

Drowning 

1182 

Autism 

ADIR 

10.0 

F 

24 

Smoke  inhalation 

4899 

Autism 

ADIR 

14.3 

M 

9 

Trileptal,  Zoloft,  Clonidine, 

Drowning 

Melatonin 

1638 

Autism 

ADIR 

20.8 

F 

50 

Zoloft,  Zyprexa,  Mellaril, 

Seizure-related 

Depoprovera 

5027 

Autism 

WISC-R, 

38.0 

M 

26 

Respirdal,  Fuvox 

Obstruction  of  bowel 

Bender-Gestalt 

4670 

Control 

4.6 

M 

17 

Commotio  Cordis  from  an 

accident 

1185 

Control 

4.7 

M 

17 

Drowning 

1500 

Control 

6.9 

M 

18 

Motor  vehicle  accident 

4898 

Control 

7.7 

M 

12 

Concerta,  Clonidone 

Drowning 

1708 

Control 

8.1 

F 

20 

Motor  vehicle  accident 

1706 

Control 

8.6 

F 

20 

Rejection  of  cardiac  allograft 

transplantation 

1407 

Control 

9.1 

F 

20 

Albuterol,  Zirtec,  Alegra, 

Asthma 

Rodact,  Flovent,  Flonase 

4722 

Control 

14.5 

M 

16 

Motor  vehicle  accident 

1846 

Control 

20.6 

F 

9 

Motor  vehicle  accident 

4645 

Control 

39.2 

M 

12 

Arteriosclerotic  heart  disease 

ADI-R  Autism  Diagnostic  Interview  Revised,  ADOS  Autism  Diagnostic  Observation  Scale,  VABS  Vineland  Adaptive  Behavioral  Scale,  BSID-I1 
Bayley  Scales  of  Infant  Development-Second  Edition,  CARS  Childhood  Autism  Rating  Scale,  WISC-R  Wechsler  Intelligence  Scale  for  Children- 
Revised 


abnormalities  in  communication,  and  restricted,  repetitive 
and  stereotyped  patterns  of  behavior  were  consistent  with 
the  diagnosis  of  autism,  according  to  the  results  of  the  ADI- 
R  diagnostic  algorithm.  All  donors  with  autism  exceeded 
the  cut-off  score  in  these  parameters.  The  diagnosis  of 
autism  was  assigned  to  donor  UMB  #  1349  after  extensive 
evaluation  of  behavioral  tests,  including  the  Autism 
Diagnostic  Observation  Schedule  (ADOS),  Vineland 
Adaptive  Behavioral  Scale  (VABS),  and  Bayley  Scales  for 
Infant  Development-II  (BSID-II).  In  addition  to  the  ADI-R, 
UMB  #  4849  was  also  evaluated  by  the  BSID-II  and  the 
Childhood  Autism  Rating  Scale  (CARS),  which  indicated 
moderate  to  severe  autism,  and  autism  in  UMB  #  467 1  was 
also  verified  by  the  VABS  and  BSID-II.  Regressive  autism, 
in  which  early  development  is  normal  but  it  is  followed  by 
loss  of  previously  acquired  language  and/or  social  skills. 


was  suggested  in  five  autism  cases  (UMBs  #  1349,  4849, 
1182,  4899,  1638). 

Preparation  of  Homogenates 

The  coded  brain  tissue  samples  (50-60  mg  each)  from 
autistic  and  control  subjects  were  homogenized  using  a 
Polytron  Tissue  Trearor  homogenizer  with  a  7.0-mm 
diameter  stainless  steel  probe.  The  extraction  solution 
consisted  of  formic  acid  (0.1  %  v/v),  potassium  chloride 
(1.2  %  w/v),  EDTA  (1  mM),  bathophenanthroline  disul- 
fonic  acid  (2.4  mM)  in  serine-borate  buffer  (50  mM  Tris- 
HC1,  25  mM  borate,  25  mM  serine  and  100  pM  diethyl- 
ene-triamine  pentaacetic  acid;  pH  7.0).  The  volume  of  the 
extraction  solution  was  750  pi  (pH  2.8).  The  homogeni¬ 
zation  was  performed  twice  for  30  s  per  sample  at  4  °C, 
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followed  by  centrifugation  at  18,000xg  for  10  min  at  4  °C. 
The  supernatants  were  processed  for  assaying  GSH  and 
GSSG  as  described  below. 

Assay  of  GSH  and  GSSG 

GSH  and  GSSG  in  brain  tissues  were  measured  using  a 
modification  of  a  method  described  by  Santori  et  al.  [43]. 
100  pi  of  10  mM  iodoacetic  acid  in  10  mM  aqueous 
ammonium  bicarbonate  and  0.5  %  ammonia  (V/V),  pH  9.5 
was  added  to  100  pi  of  above  brain  extracts  or  standards 
(GSH,  GSSG).  An  aliquot  of  50  ng  of  the  internal  standard 
(glutathione  ethyl  ester,  i.e.  GSHee)  was  added  to  each 
solution.  The  mixture  was  incubated  in  the  dark  for  1  h  at 
20  °C.  Acetonitrile  (400  pi)  was  added  to  stop  the  reaction 
and  to  precipitate  the  proteins.  The  samples  were  centri¬ 
fuged,  and  the  GSH  and  GSSG  in  the  supernatants  were 
separated  by  high  performance  liquid  chromatography 
(HPLC)  and  measured  by  mass  spectrometry  (MS),  fol¬ 
lowing  the  method  of  Loughlin  et  al.  [44].  The  GSH  and 
GSSG  were  detected  in  SRM  (selected  reaction  monitor¬ 
ing)  mode  with  a  triple  quadruple  MS  (Sciex  API  3000; 
Ontario,  Canada).  The  range  of  quantification  for  GSH  was 
150-150,000  nM  and  that  of  GSSG  was  50.5-50,500  nM. 
In  each  sample,  total  glutathione  (tGSH)  level  was  calcu¬ 
lated  as  [GSH  +  2GSSG],  and  %  GSSG  was  calculated  as 
[(GSSG/tGSSG)  x  100].  After  the  study  was  completed, 
the  samples  were  decoded,  and  the  contents  of  GSH,  GSSG 
and  tGSH,  the  redox  ratio  of  GSH  to  GSSG,  and  %  GSSG 
of  tGSH  were  compared  in  the  autism  and  control  groups 
by  unpaired  student’s  t  test. 
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Fig.  1  Levels  of  reduced  form  of  glutathione  (GSH)  and  oxidized 
form  of  glutathione  (GSSG)  in  the  cerebellum  and  different  regions  of 
the  cerebral  cortex  in  subjects  with  autism  and  age-matched  control 
subjects.  There  was  a  significant  decrease  in  GSH  levels  (a)  and 
increase  in  GSSG  levels  (b)  in  the  cerebellum  and  temporal  cortex  in 
autism  compared  with  the  control  group  (*p  <  0.05,  **p  <  0.01  and 
***p  <  0.001).  No  significant  change  in  the  levels  of  GSH  and  GSSG 
was  observed  in  the  frontal,  parietal  and  occipital  cortices  between  the 
autism  and  control  groups 


Results 

The  levels  of  GSH  and  GSSG  in  the  brain  tissue  samples 
from  the  cerebellum  and  frontal,  temporal,  parietal  and 
occipital  cortices  from  individuals  with  autism  and  age- 
matched  normal  subjects  are  represented  in  Fig.  la,  b, 
respectively.  The  levels  of  GSH  (Fig.  la)  were  signifi¬ 
cantly  decreased  by  34.2  %  in  the  cerebellum  (p  =  0.001), 
and  by  44.6  %  in  the  temporal  cortex  (p  =  0.0008)  in 
autistic  subjects  compared  to  control  subjects.  There  was 
also  a  significant  increase  in  the  levels  of  GSSG  (Fig.  lb) 
by  38.2  %  in  the  cerebellum  (p  =  0.0021)  and  by  45.5  % 
in  the  temporal  cortex  (p  =  0.0214)  in  autistic  subjects 
compared  with  the  control  group.  On  the  other  hand,  the 
levels  of  GSH  and  GSSG  were  similar  in  other  brain 
regions,  i.e.,  frontal,  parietal  and  occipital  cortices  between 
the  autism  and  control  groups  (Fig.  la,  b). 

Table  2  represents  the  data  for  tGSH  levels,  GSH/GSSG 
redox  ratio,  and  %  GSSG  of  tGSH  in  the  cerebellum  and 


different  regions  of  cerebral  cortex  from  autism  and  control 
subjects. 

The  comparison  of  the  tGSH  contents  showed  a  signif¬ 
icant  decrease  of  tGSH  levels  by  32.9  %  (p  =  0.0013)  in 
the  cerebellum,  and  by  43.1  %  (p  =  0.0011)  in  the  tem¬ 
poral  cortex  of  subjects  with  autism  as  compared  to  control 
subjects  (Table  2).  In  the  control  group,  percent  GSSG  of 
tGSH  was  0.97  and  0.91  in  the  cerebellum  and  temporal 
cortex  respectively  (Table  2),  which  is  in  agreement  with 
the  literature  values  of  GSSG  to  be  less  than  1—1.2  %  in  the 
human  tissues  under  normal  conditions  [24,  25].  In  com¬ 
parison  to  the  control  group,  GSSG  %  in  the  autism  group 
increased  by  twofold  to  1.98  in  the  cerebellum 
( p  <  0.0001),  and  by  2.4-fold  to  2.19-fold  in  the  temporal 
cortex  (p  <  0.0001)  (Table  2),  suggesting  oxidative  stress 
condition  in  autism.  The  redox  ratio  of  GSH/GSSG,  an 
indicator  of  oxidative  stress  was  significantly  reduced  by 
52.8  %  in  the  cerebellum  (p  <  0.0001)  and  by  60.8  %  in 
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Table  2  Redox  ratio  of  GSH/ 
GSSG,  levels  of  total 
glutathione,  and  percentage  of 
oxidized  glutathione  in  the 
cerebellum  and  different  regions 
of  cerebral  cortex  in  the  autism 
and  control  groups 


GSH  reduced  glutathione,  GSSG 
oxidized  glutathione.  Total 
glutathione  (tGSH)  was 
calculated  as  [GSH  +  2GSSG[, 
and  %  GSSG  of  tGSH  was 
calculated  as  [(GSSG/ 
tGSH)  x  100],  A  significant 
decrease  in  GSH/GSSG  redox 
ratio  and  tGSH  levels,  and 
increase  in  %  GSSG  of  tGSH 
was  observed  in  the  cerebellum 
and  temporal  cortex  in  the 
autism  group  as  compared  with 
the  control  group.  There  was  no 
significant  change  in  these 
parameters  in  other  brain 
regions,  i.e.  frontal,  parietal,  and 
occipital  cortices  between  the 
autism  and  control  groups 


Basin  tissue 

GSH/GSSG 
redox  ratio 

Total  glutathione 
(tGSH) 

%  GSSG 
of  tGSH 

Cerebellum 

Autism  (A) 

48.7  ±  1.7 

1,326  ±  59 

1.98  ±  0.07 

Control  (C) 

103.4  ±  5.9 

1,976  ±  119 

0.97  ±  0.05 

Change  (A  vs. 

C) 

l  52.8  % 

l  32.9  % 

t  2.0-fold 

p  value 

<0.0001 

0.0013 

<0.0001 

Temporal  cortex 

Autism  (A) 

44.7  ±  3.1 

1,136  ±  120 

2.19  ±  0.12 

Control  (C) 

113.9  ±  8.2 

1,996  ±  157 

0.91  ±  0.07 

Change  (A  vs. 

C) 

l  60.8  % 

J.  43.1  % 

t  2.4-fold 

p  value 

<0.0001 

0.0011 

<0.0001 

Frontal  cortex 

Autism  (A) 

103.8  ±  4.3 

1,453  ±  128 

0.96  ±  0.04 

Control  (C) 

105.7  ±  4.6 

1,574  ±  140 

0.94  ±  0.04 

Change  (A  vs. 

C) 

l  8  % 

l  7.7  % 

None 

p  value 

ns 

ns 

ns 

Parietal  cortex 

Autism  (A) 

93.0  ±  3.0 

1,022  ±  90 

1.06  ±  0.03 

Control  (C) 

103.0  ±  5.4 

1,080  ±  116 

0.98  ±  0.05 

Change  (A  vs. 

C) 

1  9.7  % 

1  5.4  % 

None 

p  value 

ns 

ns 

ns 

Occipital  cortex 

Autism  (A) 

96.5  ±  2.9 

1,868  ±  195 

1.02  ±  0.03 

Control  (C) 

94.4  ±  2.5 

2,057  ±118 

1.04  ±  0.03 

Change  (A  vs. 

C) 

t  2.2  % 

l  9.2  % 

None 

p  value 

ns 

ns 

ns 

the  temporal  cortex  (p  <  0.0001)  in  autistic  subjects 
compared  with  control  subjects  (Table  2).  However,  there 
was  no  significant  change  in  the  tGSH  levels,  GSH/GSSG 
redox  ratio,  and  %  GSSG  of  tGSH  in  other  brain  regions, 
i.e.,  frontal,  parietal  and  occipital  cortices  between  the 
autism  and  control  groups  (Table  2).  Taken  together,  a 
decrease  in  GSH  levels,  increase  in  GSSG  levels  and  % 
GSSG  of  tGSH,  and  a  decrease  in  the  redox  ratio  of  GSH/ 
GSSG  in  the  cerebellum  and  temporal  cortex  from  autism 
subjects,  but  not  in  other  brain  regions,  suggest  brain 
region-specific  glutathione  redox  imbalance  in  autism. 

There  was  no  significant  difference  in  postmortem 
interval  (PMI)  between  the  autistic  and  control  groups. 
The  mean  ±  SE  of  PMI  was:  22.0  ±  4.2  h  in  the  autism 
group  (n  =  10),  and  16.1  ±  1.22  h  in  the  control  group 
(n  =  10).  Because  GSH  and  GSSG  levels  were  affected 
in  the  cerebellum  and  temporal  cortex  but  not  in  the 
frontal,  parietal  and  occipital  cortices  of  individuals  with 
autism,  these  findings  also  suggest  that  PMI  was  not  a 
contributing  factor  to  the  alterations  in  GSH  and  GSSG 
levels  observed  in  the  cerebellum  and  temporal  cortex  of 
individuals  with  autism. 


Discussion 

ASDs  are  considered  multi-factorial  disorders  in  which 
environmental  factors  may  act  as  a  trigger  in  genetically 
susceptible  individuals,  and  oxidative  stress  may  serve  as  a 
common  link  between  genes  and  environmental  factors. 
GSH  is  a  major  intracellular  antioxidant  and  plays  a  crucial 
role  in  the  maintenance  and  regulation  of  the  thiol-redox 
status  of  the  cell.  In  its  reduced  form,  GSH  protects  the 
proteins,  lipids  and  DNA  from  free  radicals-mediated 
damage  by  providing  the  reduced  environment,  and  during 
this  process,  it  gets  oxidized  to  GSSG  by  GPx.  Therefore, 
decreased  levels  of  GSH  and  increased  levels  of  GSSG  are 
suggestive  of  the  oxidative  stress  environment  in  cells  and 
tissues.  The  redox  ratio  of  the  GSH/GSSG  serves  as  an 
important  indicator  of  redox  environment  in  the  cell  and 
plays  an  important  role  in  cell  differentiation,  proliferation 
and  apoptosis  [11,  13-15].  Several  reports  have  suggested 
that  decrease  in  GSH  levels  can  also  be  associated  with 
immune  system  dysfunction  and  inflammation  [13,  16-18]. 

This  is  the  first  study  to  compare  glutathione  redox 
status  in  the  brain  regions  of  autistic  subjects  and 
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age-matched  control  subjects.  Our  results  indicate  that 
(a)  the  levels  of  GSH,  tGSH  and  also  the  redox  ratio  of 
GSH  to  GSSG  are  significantly  decreased,  and  GSSG 
content  and  %  GSSG  of  tGSH  are  significantly  increased  in 
the  cerebellum  and  temporal  cortex  of  the  brains  of  indi¬ 
viduals  with  autism  compared  with  age-matched  control 
subjects,  and  (b)  glutathione  redox  imbalance  and  oxidative 
stress  in  autism  is  brain  region-specific  because  in  the 
frontal,  parietal  and  occipital  cortices,  GSH,  GSSG,  tGSH 
and  GSH/GSSG  were  similar  in  the  autism  and  control 
groups.  Reduced  glutathione-mediated  redox  status  has 
also  been  previously  reported  in  blood  samples  from 
individuals  with  autism  [36-40].  In  addition,  several 
studies  have  provided  evidence  for  GSH  depletion  and 
disturbances  in  glutathione  homeostasis  in  other  neurobe- 
havioral  and  neurodegenerative  disorders,  including 
schizophrenia  [45,  46],  bipolar  disorder  [47],  Parkinson’s 
disease  and  Alzheimer’s  disease  [18,  48]. 

Extensive  evidence  from  our  and  other  groups  has 
indicated  that  oxidative  stress  and  inflammatory  markers 
are  increased  in  autism  [3,  5,  7-9].  Numerous  clinical 
studies  in  autism  have  provided  evidence  for  increased 
oxidative  stress,  as  revealed  by  elevated  lipid  peroxidation 
[5,  26-28]  and  reduced  antioxidant  defense  [26-28,  35]. 
Recent  postmortem  studies  have  also  shown  evidence  of 
increased  lipid,  protein  and  DNA  oxidation  in  the  cere¬ 
bellum  and  temporal  cortex  of  individuals  with  autism 
compared  with  control  subjects  [3,  30-34].  However,  oxi¬ 
dative  stress  condition  may  not  be  the  sole  mechanism 
responsible  for  the  deficit  in  GSH  content  in  the  cerebellum 
and  temporal  cortex  from  subjects  with  autism.  There  are 
several  pathways  by  which  cells  maintain  intracellular 
GSH  homeostasis,  including  GSH  redox  cycling,  direct 
uptake,  and  de  novo  synthesis.  Further  studies  are  needed 
to  understand  whether  synthesis,  consumption  and/or 
regeneration  of  GSH  are  affected  in  the  brain  of  subjects 
with  autism.  GSH  serves  as  an  essential  cofactor  or  sub¬ 
strate  for  GPx,  glutathione  S  transferase,  and  glyoxalase  I, 
which  are  involved  in  antioxidant  defense  or  detoxification 
[49].  Recently,  reduced  levels  of  NADPH  were  reported  in 
the  plasma  of  children  with  autism  compared  to  those  of 
controls  [39],  which  may  affect  NADPH-dependent  GR 
activity  and  thus,  recycling  of  GSSG  to  GSH. 

The  free  radicals  are  generated  endogenously  during 
oxidative  metabolism  and  energy  production  by  mito¬ 
chondria,  and  the  ETC  in  mitochondria  is  a  prime  source 
for  ROS  generation  [41,  42].  Accumulating  clinical, 
genetic  and  biochemical  evidence  suggests  that  mito¬ 
chondrial  dysfunction  in  ASDs  occurs  more  commonly 
than  expected  [50,  51],  Recently,  we  reported  brain  region- 
specific  changes  in  the  levels  of  ETC  complexes  in  the 
cerebellum  and  the  frontal  and  temporal  cortices  but  not  in 
the  parietal  and  occipital  cortices  in  children  with  autism 


[30].  Mitochondria  contain  approximately  10-15  %  of 
GSH,  which  is  synthesized  in  the  cytosol  and  transported 
into  the  mitochondria  via  an  energy-dependent  transporter 
[52].  A  decrease  in  GSH  availability  in  the  brains  of 
individuals  with  autism  suggests  that  mitochondria  may 
also  be  subjected  to  altered  redox  status,  which  will  pro¬ 
mote  mitochondrial  damage  via  increased  ROS  and  affect 
cellular  energy  production  [53].  We  have  also  reported  that 
the  activities  of  Ca2+-Mg2+-ATPase  and  Na+-K+-ATPase 
are  affected  in  the  cerebellum  and  the  frontal  cortex  of 
autistic  subjects  [54]. 

Recent  studies  support  a  prenatal  onset  for  develop¬ 
mental  abnormalities  leading  to  autism  [19-21].  Several 
studies  have  reported  the  adverse  effects  of  endogenous  or 
xenobiotic-enhanced  generation  of  ROS  and  the  resultant 
oxidative  stress  on  embryonic  and  fetal  development  [55]. 
GSH  is  the  major  endogenous  antioxidant  produced  by  the 
cells,  which  participates  directly  in  the  neutralization  of 
ROS.  Through  direct  conjugation,  it  detoxifies  many 
xenobiotics  and  carcinogens.  The  depletion  of  GSH  has 
been  reported  to  enhance  embryopathies  [56].  Exposure  of 
the  developing  embryo  or  fetus  to  radiation  and  xenobiot¬ 
ics,  including  drugs  and  environmental  chemicals,  can 
affect  development  by  increasing  ROS  levels  [56,  57]. 
Excess  of  ROS  may  alter  development  by  oxidatively 
damaging  cellular  lipids,  proteins  and  DNA,  and/or  by 
altering  signal  transduction  via  Ras,  NFfvB  and  related 
transducers  [55]. 

GSH  also  plays  a  central  role  in  cell  death,  including 
apoptotic  cell  death  [13-15],  GSH  depletion  is  a  common 
feature  and  an  early  hallmark  in  apoptotic  cell  death  in 
response  to  a  variety  of  apoptotic  stimuli  [14,  15].  GSH 
levels  have  also  been  reported  to  affect  caspase  activity, 
transcription  factor  activation,  Bcl-2  expression  and  func¬ 
tion,  thiol-redox  signaling  and  phosphatidylserine  external- 
ization  [13].  Several  lines  of  evidence  suggest  the 
involvement  of  apoptosis  in  the  cerebellum  of  autism  sub¬ 
jects,  including  loss  and  atrophy  of  Purkinje  cells  [58-60], 
reduced  levels  of  Bcl2  and  increased  levels  of  p53  [61].  We 
suggest  that  the  alteration  in  brain  glutathione  homeostatasis 
observed  in  this  study  may  also  play  a  role  in  apoptotic  cell 
death  in  the  brains  of  individuals  with  autism. 

Our  results  suggest  that  PM1  cannot  account  for  the 
observed  brain  region- specific  glutathione  redox  imbalance 
in  autism.  Other  factors,  such  as  medications  (reported  for 
six  autism  cases,  and  two  control  cases),  and  regression 
(reported  for  five  autism  cases)  do  not  seem  to  be  con¬ 
tributing  factors  to  the  decrease  in  GSH  levels  and  GSH/ 
GSSG  redox  ratio  in  the  cerebellum  and  temporal  cortex  in 
autism.  However,  further  studies  with  a  larger  autistic 
group  are  needed  to  explore  this  issue. 

The  brain  region-specific  location  of  changes  in  GSH/ 
GSSG  observed  in  the  cerebellum  and  temporal  cortex 
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from  autistic  subjects  in  this  study  fits  to  the  brain  region 
specificity  of  other  manifestations  of  autism.  There  is 
substantial  evidence  from  neuroimaging  and  postmortem 
neuropathological  studies  that  dysfunctions  in  the  cere¬ 
bellum  and  the  temporal  lobe  may  result  in  autistic 
symptoms.  Loss  of  Purkinje  and  granule  cells  throughout 
the  cerebellar  hemispheres  in  autism  has  been  reported 
[58-60].  Other  studies  suggested  neuroimmune  activation/ 
neuroinflammation  in  the  cerebellum  [9]  as  well  as  the 
presence  of  autoantibodies  against  cerebellar  proteins  [62]. 
The  neuropathological  and  immunological  abnormalities 
have  also  been  suggested  in  the  temporal  lobe  of  the  brain 
in  autism.  The  main  autistic  symptoms  were  seen  most 
consistently  with  a  neurological  model  involving  bilateral 
dysfunction  of  the  temporal  lobes  [63].  Positron  emission 
tomography  and  voxel-based  image  analysis  also  showed 
localized  dysfunction  of  the  temporal  lobes  in  children  with 
autism  [64].  Recent  magnetic  resonance  imaging  (MR1) 
studies  have  shown  abnormalities  in  the  superior  temporal 
gyrus  (STG)  region  of  the  brain  in  autism,  which  is  of 
particular  interest  because  of  its  role  in  language  process¬ 
ing  and  social  perception  [65-67].  Gene  expression  profiles 
in  this  region  provided  evidence  of  increased  transcript 
levels  of  many  immune  system-related  genes  and  immune 
signaling  pathways  suggesting  neuroimmune  activation  of 
the  STG  in  autism  [68].  Furthermore,  fewer  and  smaller 
neurons  in  the  fusiform  gyrus  (FG),  located  in  the  temporal 
lobe,  have  been  reported  in  autism  [69].  The  functional 
MRI  studies  also  showed  hypoactivation  of  the  FG  in  face 
perception  tasks  in  autistic  subjects  [70,  71].  The  changes 
observed  in  the  glutathione  levels  in  the  cerebellum  and 
temporal  lobes  of  subjects  with  autism  suggest  that  oxi¬ 
dative  stress  may  be  one  of  the  contributing  factors  to  these 
pathological  changes  in  the  cerebellum  and  temporal  lobes. 

In  conclusion,  this  study  implicates  disturbance  in  glu¬ 
tathione  homeostasis  and  deficit  in  glutathione  antioxidant 
capacity  in  specific  brain  regions,  i.e.,  cerebellum  and 
temporal  cortex,  of  individuals  with  autism.  Our  previous 
report  on  increased  lipid  peroxidation  and  deficit  in  mito¬ 
chondrial  ETC  complexes  in  these  brain  regions  of  autistic 
subjects  also  suggests  increased  oxidative  damage  and 
mitochondrial  dysfunction  in  autism.  GSH  deficit  in  many 
diseases  has  been  linked  to  immune  dysfunction,  inflam¬ 
mation  and  apoptosis.  Taken  together,  these  studies  indi¬ 
cate  oxidative  damage  coupled  with  deficit  in  glutathione 
antioxidant  status  in  the  brain  of  autistic  subjects  that  may 
be  associated  with  mitochondrial  dysfunction,  inflamma¬ 
tion  and  immune  abnormalities  in  ASDs. 
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Abstract.  Mitochondrial  respiratory  electron  transport  chain  (ETC)  consists  of  five  multi-subunit  enzymes,  i.e.,  complex  1-V, 
which  differs  not  only  in  structure  but  also  in  function,  and  plays  an  important  role  in  adenosine  triphosphate  (ATP)  generation 
by  mitochondria.  Each  of  these  complexes  participates  in  the  generation  of  proton  gradient  in  the  mitochondrial  intermembrane 
space,  which  is  necessary  for  converting  adenosine  diphosphate  (ADP)  into  ATP  by  ATP  synthase.  Brain  has  a  high  demand 
for  energy,  and  neurons  generate  energy  in  the  form  of  ATP  through  the  respiratory  chain  in  the  mitochondria.  Almost  90%  of 
this  energy  is  provided  by  mitochondrial  ETC.  ETC  also  generates  most  of  the  endogenous  free  radicals,  i.e.,  reactive  oxygen 
species  (ROS)  of  the  cell.  The  normal  functions  of  ETC  are  essential  to  maintain  physiological  function  and  plasticity  of  neurons. 
Therefore,  abnormalities  in  ETC  during  development,  i.e.,  in  utero,  infancy  and  childhood,  may  be  involved  in  the  etiology 
of  neurodevelopmental  disorders.  The  abnormalities  in  mitochondrial  ETC  pertaining  to  neurodevelopmental  disorders  include 
mtDNA  mutations,  altered  gene  expression,  decreased  activities  and  protein  expression  levels  of  ETC  complexes,  and  oxidative 
stress.  Here,  we  review  these  mitochondrial  ETC  defects  in  autism  spectrum  disorders  (ASDs)  and  other  neurodevelopmental 
disorders,  i.e.,  attention  deficit  hyperactivity  disorder,  schizophrenia.  Down  syndrome  and  Fragile  X  syndrome. 

Keywords:  Autism,  attention  deficit  hyperactivity  disorder,  Down  syndrome,  electron  transport  chain.  Fragile  X  syndrome, 
mitochondria,  neurodevelopment,  oxidative  stress,  schizophrenia 


1.  Introduction 

Mitochondrial  respiratory  chain,  also  known  as  elec¬ 
tron  transport  chain  (ETC),  is  an  essential  and  impor¬ 
tant  part  of  mitochondria.  The  most  important  func¬ 
tion  of  ETC  in  the  cell  is  to  generate  energy  in  the 
form  of  adenosine  triphosphate  (ATP),  which  provides 
more  than  90%  of  cellular  energy  to  maintain  its  phys¬ 
iological  activities  [1,2].  ETC  is  closely  linked  to  the 
tricarboxylic  acid  (TCA)  cycle,  also  known  as  Krebs 
cycle,  which  produces  NADH  and  FADH2,  two  elec¬ 
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tron  donor  molecules  to  the  ETC.  Mitochondria  con¬ 
tain  inner  and  outer  plasma  membranes.  The  ETC  is 
located  in  the  inner  mitochondrial  membrane,  and  con¬ 
sists  of  five  multi-subunits  of  enzymes,  i.e.,  complex 
I  (NADH  dehydrogenase),  complex  II  (succinate  de¬ 
hydrogenase),  complex  III  (cytochrome  be  1  complex), 
complex  IV  (cytochrome  c  oxidase)  and  ATP  synthase, 
also  known  as  complex  V  [3,4].  As  shown  in  Fig.  1, 
complexes  I-IV  participate  in  the  generation  of  pro¬ 
ton  gradient  (membrane  potential)  in  the  intermem¬ 
brane  space  of  mitochondria,  while  complex  V  trans¬ 
ports  protons  from  intermembrane  space  to  the  mito¬ 
chondrial  matrix.  The  generated  proton  gradient  is  used 
by  ATP  synthase  to  catalyze  the  formation  of  ATP  by 
the  phosphorylation  of  adenosine  diphosphate  (ADP). 
Ubiquinone  (also  known  as  coenzyme  Q10)  and  cy- 
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Fig.  1 .  Generation  of  ATP  and  superoxide  (free  radical)  by  the  electron  transport  chain  (ETC)  of  mitochondria.  ETC  is  embedded  in  the  inner 
mitochondrial  membrane,  and  consists  of  five  enzyme  complexes,  designated  I-V,  i.e.,  complex  I  (NADH  dehydrogenase),  complex  II  (succinate 
dehydrogenase),  complex  III  (cytochrome  bcl  complex),  complex  IV  (cytochrome  c  oxidase)  and  complex  V  (ATP  synthase).  NADH  and  FADH2 
supply  electrons  to  the  ETC.  Electrons  donated  from  NADH  and  FADH2  flow  through  the  ETC  complexes,  passing  down  an  electrochemical 
gradient  to  be  delivered  to  oxygen  (O2).  CoQ  shuttles  electrons  from  complexes  I  and  II  to  complex  III.  Cytochrome  c  transfers  electrons  from 
ETC  complex  III  to  IV.  During  this  process,  protons  are  pumped  through  the  inner  mitochondrial  membrane  to  the  mitochondrial  intermembrane 
space  to  establish  a  proton  gradient,  which  is  used  by  complex  V  to  phosphorylate  adenosine  diphosphate  (ADP)  by  ATP  synthase,  thereby 
generating  ATP.  Complex  I  and  III  are  also  main  sites  of  mitochondrial  free  radical  superoxide  (O^" )  production.  Complex  I-dependent  is 
exclusively  released  into  mitochondrial  matrix  where  it  is  converted  to  hydrogen  peroxide  (H2O2)  by  the  manganese  superoxide  dismutase  (Mn 
SOD).  On  the  other  hand,  superoxide  generated  at  complex  III  can  be  released  to  both  sides  of  the  inner  mitochondrial  membrane.  Superoxide 
released  into  the  mitochondrial  intermembrane  space  is  converted  to  H2O2  by  Cu/Zn  SOD.  (Colours  are  visible  in  the  online  version  of  the 
article ;  http ://dx . doi . org/ 10.323 3/JPB - 1 2006 3 ) 


tochrome  c  are  the  electron  carriers  of  the  ETC,  and 
help  in  the  transfer  of  electrons  between  the  complexes. 

Mitochondrial  function  is  under  the  dual  genetic  con¬ 
trol  of  mitochondrial  DNA  (mtDNA)  and  nuclear  DNA 
(nDNA).  The  mtDNA  contains  37  genes  that  code  for 
13  subunits  of  complexes  I,  III,  IV  and  V.  The  oth¬ 
er  subunits  of  the  ETC  complexes  are  coded  by  more 
than  850  nDNA  genes  [5],  The  expression,  replica¬ 
tion,  and  maintenance  of  mtDNA  also  require  the  fac¬ 
tors  encoded  by  nuclear  genes  [6],  Furthermore,  the 
nuclear-encoded  signaling  pathway  genes  play  a  role 
in  mediating  adaptive  functions  of  mitochondria  un¬ 
der  altered  conditions  [6,7] .  Therefore,  mtDNA  and/or 
nDNA  genome  mutations  may  lead  to  deficiencies  of 
ETC  complexes,  and  subsequently  to  mitochondrial 
dysfunctions. 

Mitochondria  play  an  important  role  in  regulating 
developmental  processes,  including  neurite  outgrowth, 
axonal  plasticity  and  synaptic  plasticity  [8].  Brain  has 
a  high  demand  for  energy,  and  neurons  contain  a  large 
number  of  mitochondria.  Therefore,  neurons’  function 
and  plasticity  rely  on  mitochondria,  which  are  localized 


in  synapses.  Alterations  of  the  number,  morphology,  or 
function  of  synaptic  mitochondria  can  be  detrimental 
to  synaptic  transmission  [9]. 

Mitochondrial  ETC  also  produces  the  free  radicals, 
i.e.,  reactive  oxygen  species  (ROS),  which  cause  ox¬ 
idative  stress  and  trigger  apoptosis  [2,9-1 1].  Oxidative 
stress  in  the  cell  results  when  generation  of  ROS  over¬ 
powers  the  antioxidant  defense  for  elimination  of  ROS. 
Under  normal  physiological  conditions,  ROS  produc¬ 
tion  is  highly  regulated  by  complex  I  [12-15],  Com¬ 
plexes  I  and  III  are  the  main  sites  of  mitochondrial  su¬ 
peroxide  production  [16,17].  The  superoxide  generat¬ 
ed  by  complex  I  is  exclusively  released  into  the  mito¬ 
chondrial  matrix,  where  it  is  converted  to  hydrogen  per¬ 
oxide  (H2O2)  by  the  manganese  superoxide  dismutase 
(Mn  SOD).  On  the  other  hand,  complex  III  releases  su¬ 
peroxide  to  both  sides  of  the  inner  mitochondrial  mem¬ 
brane,  i.e.,  to  the  mitochondrial  matrix  and  the  inter¬ 
membrane  space.  The  locus  of  superoxide  production 
in  complex  III,  the  ubiquinol  oxidation  site,  is  situated 
immediately  next  to  intermembrane  space  of  mitochon¬ 
dria,  which  may  explain  extramitochondrial  release  of 
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superoxide.  The  ROS  generation  at  complex  III  oc¬ 
curs  as  a  result  of  proton  cycling  between  ubiquinone, 
cytochromes  b  and  cl,  and  iron-sulfur  protein  [18]. 
Superoxide  generated  from  complex  III  released  into 
the  mitochondrial  intermembrane  space  is  converted  to 
H2O2  by  Cu/Zn  SOD,  which  is  present  in  the  mito¬ 
chondrial  intermembrane  space  and  cytosol  [16],  In 
addition  to  the  generation  of  ROS,  the  ETC  itself  is  the 
target  of  ROS,  which  can  directly  and  indirectly  lead  to 
impairments  in  activity  of  ETC  complexes.  Thus,  the 
abnormalities  of  ETC  will  inhibit  ATP  synthesis,  and 
accelerate  ROS  generation;  resulting  in  impairment  of 
energy  metabolism,  oxidative  stress  and  disruption  of 
mitochondrial  functions,  and  subsequently  affect  neu¬ 
rons’  function  and  plasticity,  which  may  finally  lead  to 
neurodevelopmental  disorders  in  children. 

In  this  review,  we  discuss  alterations  in  activities 
and/or  protein  expression  of  mitochondrial  ETC  com¬ 
plexes  in  different  neurodevelopmental  disorders,  i.e., 
autism  spectrum  disorders  (ASDs),  attention  deficit 
hyperactivity  disorder  (ADHD),  schizophrenia  (SZ), 
Down  syndrome  (DS),  and  Fragile  X  syndrome  (FXS). 

2.  Mitochondrial  respiratory  chain  defects  in 

autism  spectrum  disorders 

ASDs,  which  include  autistic  disorder,  Asperger  syn¬ 
drome  and  pervasive  developmental  disorder-not  other¬ 
wise  specified,  are  neurodevelopmental  disorders  char¬ 
acterized  by  impaired  social  interaction,  communica¬ 
tion  and  social  skills,  as  well  as  by  repetitive  and  stereo¬ 
typic  patterns  of  behavior  [19].  The  symptoms  of  ASDs 
are  typically  present  before  the  age  of  3  years.  Accord¬ 
ing  to  the  report  from  the  Centers  for  Disease  Control 
and  Prevention  (CDC),  1  in  88  children  (by  the  age 
of  eight  years)  is  affected  with  autism,  and  the  ratio 
of  male  to  female  is  5  [20].  A  recent  study  in  South 
Korea  showed  the  prevalence  of  ASDs  to  be  2.64%  in 
school-age  children,  with  1.89%  in  the  general  pop¬ 
ulation  group  (from  regular  schools)  and  0.75%  in  a 
high  risk  group  (from  special  education  schools  and  a 
disability  registry)  [21], 

2.1.  Human  studies 

A  variety  of  biochemical,  anatomical  and  neurora- 
diographical  studies  suggest  a  disturbance  of  brain  en¬ 
ergy  metabolism  in  autistic  individuals  [22-28].  In 
1998,  because  of  frequent  association  of  lactic  acido¬ 
sis  and  carnitine  deficiency  in  autistic  subjects,  Lom¬ 


bard  [25]  presented  a  hypothesis  that  mitochondrial 
dysfunction  and  defects  in  neuronal  oxidative  phos¬ 
phorylation  may  be  involved  in  the  etiology  of  autism. 
Since  then,  several  lines  of  evidence  suggest  that  mi¬ 
tochondrial  energy  metabolism  is  perturbed  in  autis¬ 
tic  individuals.  Based  on  blood  analysis  and/or  mus¬ 
cle  biopsy,  several  studies  found  mitochondrial  dys¬ 
function,  associated  with  high  lactate,  increased  lactate 
to  pyruvate  ratio,  increased  alanine  and  low  carnitine 
levels  in  individuals  with  ASDs  [28-31],  However, 
these  individuals  did  not  show  classical  features  of  mi¬ 
tochondrial  disease  (MD).  Classical  MD  only  occurs  in 
few  autistic  individuals,  and  is  generally  accompanied 
by  genetic  abnormalities  and  defects  in  the  respiratory 
chain.  Several  reviews  have  recently  shed  light  on  mi¬ 
tochondrial  dysfunction  in  autism  [32-36].  It  is  not  yet 
known  whether  mitochondrial  dysfunction  in  autistic 
children  is  primary  etiology  or  secondary  pathology  to 
other  causes. 

Oliveira  et  al.  [29]  conducted  a  population-based  sur¬ 
vey  of  children  with  ASDs.  They  reported  that  20.3% 
(14  of  69)  children  with  autism  had  elevated  levels  of 
blood  lactate.  Muscle  biopsies  were  performed  in  1 1 
of  these  14  autistic  children  with  hyperlactacidemia, 
and  5  of  1 1  subjects  studied  met  the  criteria  for  def¬ 
inite  MD.  This  study  suggested  a  high  prevalence  (5 
of  69;  7.2%)  of  MD  in  autism.  However,  these  chil¬ 
dren  did  not  have  any  known  mtDNA  mutations  and/or 
deletions  associated  with  known  mitochondrial  disor¬ 
ders.  In  another  study,  plasma  lactate  and  pyruvate 
levels  were  measured  in  210  subjects  with  autism  [30], 
Hyperlactacidemia  was  observed  in  17%  (36  subjects), 
and  elevated  lactate/pyruvate  ratio  was  found  in  27% 
(53  of  196  subjects).  MD  was  confirmed  in  7  of  the 
30  fully  assessed  subjects  who  also  underwent  muscle 
biopsy. 

2.1.1.  Mitochondrial  ETC  abnormalities  in  autism 

Several  case  studies  have  reported  alterations  in  the 
activities  of  ETC  complexes  in  autism.  For  example, 
deficiencies  in  respiratory  chain  enzymes,  including 
complexes  I— III  and  coenzyme  Q  were  observed  in  two 
children  with  autism  [37].  In  a  recent  review  and  meta¬ 
analysis,  Rossignol  and  Frye  [32]  reported  deficiencies 
of  complexes  I,  III,  V,  IV  and  II  in  53%,  30%,  23%, 
20%  and  9%  of  children  with  ASDs  and  concomitant 
MD  respectively. 

The  onset  of  autism  is  gradual  in  many  children.  In 
regressive  autism,  children  first  show  normal  social  and 
language  development  but  generally  lose  these  devel¬ 
opmental  skills  at  15-24  months  and  develop  autistic 
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behavior  [38],  This  pattern  may  vary  for  some  chil¬ 
dren  with  regressive  autism.  The  reported  incidence  of 
regressive  autism  varies  in  different  studies  from  15% 
to  62%  of  cases  [39-41],  Poling  et  al.  [42]  presented 
a  singleton  case  of  developmental  regression  and  ox¬ 
idative  phosphorylation  disorder  in  a  19-month-old  girl 
with  autism.  The  muscle  biopsy  results  showed  type  I 
myofiber  atrophy,  increased  myofiber  lipid  content  and 
reduced  enzymatic  activities  for  complex  I,  III  and  IV. 
In  a  recent  study,  Shoffner  et  al.  [43]  reported  that  autis¬ 
tic  regression  occurred  in  61%  (17  of  28)  ASD  subjects 
with  definite  MD,  and  that  fever  was  associated  with 
the  onset  of  regression  in  12  of  these  children. 

Weissman  et  al.  [28]  reviewed  medical  records  of 
25  individuals  with  ASDs  who  also  had  enzyme-  or 
mutation-  defined  mitochondrial  dysfunctions.  Using 
mitochondrial  disease  criteria,  1 1  subjects  had  definite 
MD  and  14  had  probable  MD.  Twenty  subjects  had 
deficient  activity  of  ETC  complexes  on  tissue  ETC  or 
polarographic  analysis.  The  deficiencies  of  complex¬ 
es  I,  III,  II  and  IV  were  observed  in  64%,  20%,  5% 
and  4%  of  these  subjects  respectively.  They  reported 
that  40%  of  this  group  demonstrated  unusual  pattern 
of  regression  (multiple  episodes,  loss  of  motor  skills, 
or  regression  after  the  age  of  3),  and  six  had  mtDNA 
mutations  [28]. 

Not  only  are  the  activities  of  ETC  complexes  altered 
in  autism,  but  our  recent  study  suggests  that  the  expres¬ 
sion  levels  of  ETC  complexes  are  also  affected  in  the 
brain  of  children  with  autism  [22],  We  have  reported 
significantly  lower  levels  of  complexes  III  and  V  in 
the  cerebellum,  of  complex  I  in  the  frontal  cortex,  and 
of  complexes  II,  III,  and  V  in  the  temporal  cortex  of 
children  with  autism  (ages  4-10  years)  as  compared  to 
age-matched  control  subjects,  while  none  of  the  five 
ETC  complexes  was  affected  in  the  parietal  and  occip¬ 
ital  cortices  in  subjects  with  autism  [22],  In  the  cere¬ 
bellum  and  temporal  cortex,  no  overlap  was  observed 
in  the  levels  of  these  ETC  complexes  between  autistic 
and  control  subjects.  In  the  frontal  cortex,  a  lower  level 
of  ETC  complexes  was  observed  in  a  subset  of  autism 
cases,  i.e.,  60%  (3/5)  for  complexes  I,  II,  and  V,  and 
40%  (2/5)  for  complexes  III  and  IV.  These  results  sug¬ 
gest  that  the  expression  of  ETC  complexes  is  decreased 
in  the  cerebellum  and  the  frontal  and  temporal  regions 
of  the  brain  in  children  with  autism,  which  may  lead  to 
abnormal  energy  metabolism  and  oxidative  stress.  A 
striking  observation  was  that  the  levels  of  ETC  com¬ 
plexes  were  similar  in  adult  autistic  and  control  subjects 
(ages  14-39  years)  [22].  A  recent  report  on  positron 
emission  tomography  (PET)  of  the  brain  of  a  3-year 


old  girl  with  autism  also  showed  a  partial  deficiency 
of  complexes  III  and  IV  of  the  respiratory  chain  [26], 
In  a  retrospective  case  series  report  of  individuals  with 
co-occurrence  of  autism  and  definite  or  probable  MD, 
48%  (10  of  21  children)  showed  abnormalities  on  cra¬ 
nial  magnetic  resonance  imaging  (MRI),  and  40%,  i.e. 
2  of  5  children  who  were  imaged  for  cranial  magnetic 
resonance  spectroscopy  (MRS)  showed  elevated  brain 
lactate  [28].  Another  31P-  MRS  study  showed  under 
synthesis  and  increased  membrane  degradation  as  well 
as  decreased  synthesis  of  ATP  in  the  dorsal  prefrontal 
cortex  of  brain  in  1 1  high-functioning  autistic  men  com¬ 
pared  to  age-matched  controls  subjects  [24].  Previ¬ 
ous  anatomical  and  neuroradiographic  al  studies  of  the 
brains  of  individuals  with  autism  have  also  suggested  a 
disturbance  of  energy  metabolism  [23,25]. 

Recent  studies  using  lymphocytes  or  lymphoblasts 
also  suggest  mitochondrial  ETC  abnormalities  in 
ASDs  [44-47].  We  reported  reduced  mitochondrial 
membrane  potential  and  elevated  free  radical  gener¬ 
ation  in  the  lymphoblasts  from  autistic  subjects  (ob¬ 
tained  from  the  Autism  Generic  Resource  Exchange)  as 
compared  to  lymphoblasts  from  age-matched  control 
subjects  [44].  In  another  study,  exposure  to  physiologi¬ 
cal  concentrations  of  NO  reduced  mitochondrial  mem¬ 
brane  potential  to  a  greater  extent  in  the  lymphoblasts 
from  autistic  subjects  than  from  control  subjects  [45], 
Holtzman  [46]  reported  a  40  to  50%  higher  mitochon¬ 
drial  maximal  respiratory  rate  in  the  lymphoblasts  from 
all  9  autistic  subjects  studied,  when  compared  to  the 
lymphoblasts  from  their  non-autistic  relatives.  In  7  of 
9  lymphoblast  pairs,  they  also  found  inhibition  of  com¬ 
plex  I  activity.  It  was  suggested  that  the  increased  cel¬ 
lular  respiratory  capacity  in  lymphoblasts  from  autistic 
subjects  was  a  compensatory  response  to  the  partial  in¬ 
hibition  of  ATP  synthesis.  In  a  study  of  lymphocytes 
from  10  children  with  autism  and  10  control  subjects, 
Giulivi  et  al.  [47]  recently  reported  that  6  of  10  autis¬ 
tic  children  had  complex  I  activity  below  control  range 
values,  four  had  a  lower  complex  V  activity,  and  three 
had  a  lower  complex  IV  activity.  Only  one  child  with 
autism  fulfilled  the  diagnostic  criteria  for  a  definite  MD. 

The  free  radicals  are  generated  endogenously  dur¬ 
ing  oxidative  metabolism  and  energy  production  by  mi¬ 
tochondria,  and  the  ETC  in  mitochondria  is  a  prime 
source  of  ROS  generation  [11].  Increasing  evidence 
from  our  and  other  groups  suggests  a  role  of  oxidative 
stress  in  the  development  and  clinical  manifestation 
of  autism  [48-50].  Levels  of  oxidative  stress  mark¬ 
ers  are  increased  in  the  blood  [48,51-54],  urine  [55], 
and  brains  [22,50,56-59]  of  individuals  with  autism  as 
compared  to  control  subjects. 
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2.1.2.  Association  of  genetic  abnormalities  with 
mitochondrial  dysfunction  in  autism 

Abnormal  gene  expression  is  one  of  the  important 
etiologies  of  autism,  which  may  be  caused  by  chro¬ 
mosome  abnormality,  mtDNA  mutation  or  deletion,  or 
decreased  levels  of  mRNA.  Duplication  of  a  segment 
of  the  chromosome  15qll-ql3,  either  as  an  inverted 
duplication  that  is  present  as  an  extra  chromosome  or 
as  an  interstitial  duplication  constitutes  one  of  the  most 
frequent  genetic  abnormalities  in  autism.  This  abnor¬ 
mality  occurs  in  1-5%  of  individuals  with  autism  [60, 
61].  The  risk  of  sudden  death  in  individuals  with  autism 
who  have  inverted  duplication  of  chromosome  15q  (idic 
15)  is  approximately  1%  per  year  [62].  Two  autistic 
children  with  a  chromosome  15qll-ql3  inverted  du¬ 
plication  were  reported  to  have  motor  delay,  lethargy, 
severe  hypotonia,  and  modest  lactic  acidosis  [63].  The 
results  of  their  muscle  biopsies  showed  mitochondri¬ 
al  hyperproliferation  and  deficiency  in  complex  III  of 
ETC  [63].  In  another  study,  two  autism  cases  associat¬ 
ed  with  sudden  infant  death  syndrome  (SIDS)  showed 
mild  mitochondrial  hyperproliferation  and  a  possible 
complex  II  defect  [35]. 

Chromosomal  microarray  studies  in  a  12-year-old 
boy  with  autism,  epilepsy,  and  leg  weakness  revealed  a 
1-Mb  deletion  in  the  5ql4.3  region  [64].  Buccal  swab 
ETC  analysis  showed  severe  decrease  in  complex  IV 
activity  and  mild  reduction  in  complex  I  activity.  These 
authors  suggested  that  (a)  the  above  deletion  may  be 
associated  with  complex  I  and  IV  deficits,  thereby  man¬ 
ifesting  in  a  mitochondrial  disease  and  autism,  and 
(b)  genes  that  either  encode  or  regulate  the  expression 
and/or  assembly  of  complex  IV  or  I  subunits  may  be 
located  within  the  deleted  region  of  5ql4.3  [64]. 

Filiano  et  al.  [27]  described  12  children  who  pre¬ 
sented  clinically  with  hypotonia,  intractable  epilepsy, 
autism,  and  developmental  delay  (HEADD  syndrome). 
Reduced  levels  of  mitochondrial  respiratory  enzymes 
were  found  in  7  of  8  children  who  had  muscle  biop¬ 
sy.  Five  of  these  children  exhibited  increased  levels 
of  large-scale  mitochondrial  DNA  deletions,  and  three 
children  had  structural  mitochondrial  abnormalities. 

Pons  et  al.  [65]  described  five  subjects  with  autism 
and  mtDNA  mutation  or  mtDNA  deletion.  The  mtDNA 
A3243G  mutation  was  observed  in  two  of  these  chil¬ 
dren,  and  in  the  mother  of  two  other  children.  This  mu¬ 
tation  is  often  associated  with  the  MELAS  (mitochon¬ 
drial  encephalopathy  with  lactic  acidosis  and  seizures) 
syndrome.  One  child  had  72%  mtDNA  depletion  in 
skeletal  muscle  and  reduction  in  activities  of  complexes 
I,  III,  and  IV  to  34%,  23%,  and  25%  of  control  values. 


respectively.  In  another  study,  G8363A  mutation  in  the 
mtDNA  tRNA^s  was  reported  in  blood  and  skeletal 
muscle  from  an  autistic  boy  who  also  showed  complex 
IV  defect  [66]. 

In  a  case-control  study  of  235  subjects  with  autism 
and  214  controls,  significant  association  was  reported 
between  the  NADH-ubiquinone  oxidoreductase  1  alpha 
subcomplex  5  (NDUFA5)  gene  and  autism  [67],  The 
product  of  the  NDUFA5  gene  is  included  in  the  mito¬ 
chondrial  ETC  complex  I.  However,  in  another  study, 
expression  levels  of  the  mitochondrial  complex  I  (75- 
kDa  subunit)  mRNA  in  the  whole  blood  were  similar 
in  the  ASD  and  control  groups  [68]. 

2.1.3.  Mitochondrial  dysfunction  in  Rett  syndrome 

Rett  syndrome  is  a  rare  ASD  that  affects  girls  al¬ 
most  exclusively,  and  it  is  caused  by  mutations  in  X- 
linked  MeCP2  gene  encoding  methyl  1-CpG-binding 
protein  [69].  Structural  mitochondrial  abnormalities 
have  been  described  in  muscle  in  individuals  with  Rett 
syndrome.  Although  a  report  on  three  children  with 
Rett  syndrome  described  normal  muscle  mitochondri¬ 
al  structure  using  light  and  electron  microscopy,  these 
children  had  abnormalities  in  mitochondrial  respirato¬ 
ry  chain  enzymes,  i.e.,  complexes  I,  III  and  IV  [70], 
Infantile  hypotonia  and  a  decrease  in  respiratory  chain 
enzyme  activity  were  also  observed  in  a  girl  with  Rett 
syndrome  [71].  In  other  studies  with  two  [72]  and  six 
girls  [73]  with  Rett  syndrome,  electron  microscopy  of 
muscle  biopsy  samples  revealed  mitochondrial  abnor¬ 
malities  and  alterations,  including  distention,  vacuola- 
tion,  and  membranous  changes.  Another  report  also 
suggested  ultrastructural  and  biochemical  alterations 
of  muscle  mitochondria  in  two  girls  with  Rett  syn¬ 
drome  [74].  In  addition,  the  levels  of  very  long-chain 
fatty  acids  (VLCFA)  and  carnitine  in  the  serum  have 
been  reported  to  be  decreased  in  Rett  syndrome  [75], 
The  administration  of  L-carnitine  increased  the  levels 
of  serum  VLCFA.  It  was  suggested  that  low  carnitine 
levels  may  impede  substrate  delivery  for  mitochondrial 
beta-oxidation  of  long-chain  fatty  acids,  thus  increas¬ 
ing  the  use  of  VLCFA  as  substrate  for  beta-oxidation 
in  the  peroxisomal  system  [75].  Together,  these  studies 
suggest  mitochondrial  dysfunction  and  impairment  of 
energy  metabolism  in  Rett  syndrome. 

2.2.  Studies  with  animal  models 

The  studies  in  animal  models  of  autism  and  relat¬ 
ed  disorders  have  also  shown  mitochondrial  dysfunc¬ 
tions.  In  the  animal  model  of  Angleman  syndrome 
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having  maternal  ubiquitin  protein  ligase  E3  A  (UBE3  A) 
deficiency,  the  activity  of  complex  III  was  reduced  in 
whole  brain  mitochondria  [76],  In  Mecp2-null  mouse 
(an  animal  model  for  Rett  syndrome),  the  nuclear  gene 
for  ubiquinol-cytochrome  c  reductase  core  protein  1 
(Uqcrcl),  a  subunit  of  the  complex  III,  was  reported  to 
be  overexpressed  in  the  brain  [77] .  The  brain  mitochon¬ 
dria  from  these  mice  showed  elevated  respiration  rates 
associated  with  respiratory  complex  III,  and  an  overall 
reduction  in  coupling.  These  authors  also  reported  a 
causal  link  between  overexpression  of  Uqcrc  1  gene  and 
enhanced  complex  III  activity  in  neuroblastoma  cells. 

3.  Mitochondrial  respiratory  chain  defects  in 

attention  deficit  hyperactivity  disorder 

ADHD  is  one  of  the  most  common  behavioral  dis¬ 
orders  in  childhood  that  may  persist  into  adulthood, 
and  is  characterized  with  lack  of  attention,  impulsiv- 
ity,  and  hyperactivity.  The  long-term  consequences 
include  lower  educational  and  occupational  achieve¬ 
ment,  and  increased  risk  for  developing  other  psychi¬ 
atric  disorders.  It  affects  about  5-10%  of  children  and 
4%  of  adults  [78],  ADHD  has  many  biochemical  ab¬ 
normalities  such  as  oxidative  stress  and  mitochondrial 
dysfunction  [79]. 

Juvenile  spontaneously  hypertensive  rats  (SHR)  that 
are  hyperactive  but  not  hypertensive,  and  are  defective 
in  sustained  attention  were  used  as  an  animal  model 
of  ADHD  by  Papa  et  al.  [80].  In  a  cross-talk  corre¬ 
lation  study  among  different  regions  within  brain  and 
the  respiratory  chain  enzyme  cytochrome  c  oxidase,  al¬ 
tered  cross-talk  was  observed  in  the  anterior  forebrain 
of  the  SHR  rats  as  compared  to  the  controls  [80],  In 
another  study,  Fagundes  et  al.  [81]  studied  the  effects  of 
methylphenidate  (MPH),  a  frequently  prescribed  drug 
for  the  treatment  of  ADHD,  on  the  ETC  activities  in  the 
brain  of  young  rats.  Their  results  showed  increased  ac¬ 
tivities  of  mitochondrial  respiratory  chain  enzymes  by 
chronic  administration  of  MPH.  Particularly,  complex 
II  activity  increased  in  the  cerebellum  and  prefrontal 
cortex,  and  complex  IV  activity  increased  in  the  cere¬ 
bellum,  hippocampus,  striatum  and  brain  cortex  [81], 
These  findings,  to  some  extent,  suggest  reduced  activ¬ 
ities  of  ETC  complexes  in  ADHD.  On  the  contrary, 
MPH  administration  in  adult  rats  showed  inhibition  of 
complexes  I,  II,  III  and  IV  in  the  hippocampus,  pre¬ 
frontal  cortex,  striatum  and  cerebral  cortex  [82],  These 
studies  suggest  that  MPH  treatment  in  young  and  old 
animals  results  in  opposite  effect. 


4.  Mitochondrial  respiratory  chain  defects  in 

schizophrenia 

Etiology  of  SZ  is  not  known  but  involvement  of  mito¬ 
chondrial  dysfunction  due  to  altered  oxidative  phospho¬ 
rylation  and/or  energy  metabolism  has  been  implicated 
in  SZ  [83-85].  In  vivo  imaging  and  postmortem  stud¬ 
ies  have  shown  an  impairment  of  energy  metabolism  in 
brains  of  patients  with  SZ,  suggesting  abnormalities  in 
mitochondrial  ETC  [85,86],  Some  studies  have  report¬ 
ed  reduced  levels  of  ATP  in  the  frontal  lobe,  temporal 
lobe  and  basal  ganglia,  as  detected  by  31P-MRS  [87— 
89].  Abnormal  mitochondrial  morphology,  size  and 
density  have  also  been  reported  in  the  brains  of  individ¬ 
uals  with  SZ  [90,91],  Kung  and  Roberts  [92]  report¬ 
ed  reduction  of  mitochondrial  density  by  20%  in  the 
caudate  nucleus  and  the  putamen  throughout  the  neu¬ 
ropil  in  a  mixed  sample  of  drug-treated  and  off-drug 
SZ  cases  as  compared  to  controls. 

The  activities  and/or  expression  of  several  compo¬ 
nents  of  mitochondrial  ETC  are  altered  in  the  brains 
of  SZ  subjects.  Reduced  activities  of  complexes  I,  III, 
and  IV  were  reported  in  the  temporal  cortex,  and  of 
complex  IV  in  the  frontal  cortex  in  SZ  [86,93].  In 
a  recent  study.  Taurines  et  al.  [68]  reported  inhibition 
of  complex  I  (75-kDa  subunit)  mRNA  level  in  SZ  pa¬ 
tients  compared  to  the  respective  controls.  However, 
Andreazza  et  al.  [94]  did  not  observe  alteration  in  the 
activity  of  complex  I  and  in  the  levels  of  complex  IV 
subunit  in  the  postmortem  prefrontal  cortex  in  SZ.  The 
analysis  of  activities  of  complexex  I,  II,  and  IV  in  differ¬ 
ent  regions  of  brain  from  SZ  showed  that  mitochondrial 
function  is  differentially  altered  within  the  structures  of 
the  basal  ganglia  of  chronic  schizophrenics  [95],  While 
the  caudate  nucleus  showed  reduced  complex  IV  ac¬ 
tivity  in  SZ,  increased  activities  of  complexes  II  and 
IV  were  reported  in  the  putamen  and  nucleus  accum- 
bens  in  SZ.  Another  study  reported  increased  mRNA 
expression  of  complex  IV  subunit  in  the  frontal  lobe  of 
SZ  [96],  It  was  suggested  that  decrease  in  complex  IV 
activity  in  caudate  of  schizophrenics  is  due  to  disease 
pathology,  while  increase  in  other  brain  regions  may  be 
attributed  to  the  effect  of  medications  (neuroleptics)  on 
motor  function  [95],  Other  studies  have  also  suggested 
decreased  brain  energy  metabolism  in  SZ,  which  can 
be  reversed  by  neuroleptics  [97,98]. 

Alterations  in  the  mitochondrial  complexes  in  SZ 
may  result  in  oxidative  stress.  Several  studies  suggest 
increased  oxidative  stress  in  the  brains  of  subjects  with 
SZ  [99,100].  In  SZ,  there  is  evidence  for  dysregulation 
of  free  radical  metabolism,  as  detected  by  abnormal  ac- 
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tivities  of  antioxidant  enzymes  and  increased  lipid  per¬ 
oxidation  in  plasma,  red  blood  cells,  and  cerebrospinal 
fluid  [101-105], 

At  the  genetic  level,  cDNA  microarray  analysis  re¬ 
vealed  decreased  expression  of  genes  in  the  compo¬ 
nents  of  the  mitochondrial  ETC  in  postmortem  brain 
samples  from  patients  with  SZ  [106],  However,  cau¬ 
tion  should  be  observed  in  the  interpretation  of  these 
findings,  as  it  has  been  reported  that  antipsychotic  med¬ 
ications  can  induce  differential  expressions  of  ETC 
proteins  including  NADH  dehydrogenase  (ubiquinone) 
1  alpha  subcomplex  10  (NdufalO),  NADH  dehydro¬ 
genase  (ubiquinone)  flavoprotein  2  (Ndufv2))  in  the 
cerebral  cortex  or  hippocampus  of  normal  rats  [107], 
Therefore,  use  of  prescription  medications  should  also 
be  considered  when  analyzing  results  of  ETC  in  SZ. 


5.  Mitochondrial  respiratory  chain  defects  in 

Down  syndrome 

Several  studies  have  suggested  abnormalities  in  mi¬ 
tochondrial  ETC  of  DS  subjects.  DS  is  a  multifactori¬ 
al  disorder  caused  by  trisomy  of  chromosome  21,  and 
is  associated  with  mental  retardation,  premature  ag¬ 
ing  and  neurodegeneration.  Some  children  with  ASDs 
also  exhibit  DS  as  a  comorbid  condition.  The  frequen¬ 
cy  of  autism  in  subjects  with  DS  has  been  reported  to 
be  5.58%  [108].  Many  studies  conducted  with  post¬ 
mortem  brain  samples  from  DS  patients  depicted  al¬ 
tered  profile  of  expression  of  the  ETC  proteins,  includ¬ 
ing  decreased  complex  I  (24-kDa  subunit)  in  the  oc¬ 
cipital  cortex  and  thalamus,  complex  I  (75-kDa  sub¬ 
unit)  in  temporal,  occipital  and  caudate  nucleus  [109], 
and  complex  V  beta  chain  in  the  frontal  cortex  [110], 
An  in  vitro  human  fetal  skin  fibroblast  experiment  al¬ 
so  showed  a  selective  deficit  in  the  catalytic  efficiency 
of  ETC  complex  I  [  1 1 1  ] .  At  the  transcriptional  level, 
Krapfenbauer  et  al.  [112]  reported  that  the  complex  I 
was  significantly  down-regulated  in  the  cerebellum  of 
DS  subjects.  Furthermore,  alterations  in  ETC  complex¬ 
es  were  also  observed  in  the  brain  of  mice  with  trisomy 
16,  an  animal  model  of  DS  with  accelerated  neuronal 
death.  In  these  mice,  Bambrick  and  Fiskum  [113]  re¬ 
ported  a  selective  decrease  in  respiration  with  the  com¬ 
plex  I  substrates  (malate  and  glutamate)  but  not  with 
the  complex  II  substrate  (succinate)  in  isolated  cortex 
mitochondria,  and  a  decrease  in  the  20  kDa  subunit  of 
complex  I  in  the  cortex. 


6.  Mitochondrial  respiratory  chain  defects  in 

patients  with  Fragile  X  syndrome 

The  Fragile  X  Mental  Retardation  (FMR)  Syndrome 
is  an  inherited  form  of  mental  retardation  caused  by  a 
full  or  partial  loss  of  functions  of  the  FMR1  gene  on  the 
X-chromosome  [114],  Many  affected  individuals  with 
FXS  manifest  features  of  autism  [115],  This  disorder 
is  due  to  the  expansion  of  the  CGG  repeats  to  over  200 
copies  within  the  5’  untranslated  region  (UTR)  of  the 
FMR1  gene  on  the  chromosome  Xq27.3.  Increase  in 
CGG  repeats  enhances  the  risk  of  disease.  Individuals 
with  less  than  55  CGG  repeats  have  a  normal  FMR1 
gene.  In  premutation  carrier,  the  repeat  expansion  is 
between  55  and  200  copies.  The  FMR  protein  (FMRP) 
is  RNA-binding  protein  that  has  been  shown  to  be  in¬ 
volved  in  the  expression  of  the  mitochondrial  and  cy¬ 
tosolic  Cu/Zn  SOD  1  [116].  Mitochondrial  SOD  1  func¬ 
tions  to  eliminate  superoxide  from  the  intermembrane 
space  (Fig.  1).  Therefore,  abnormalities  in  FMRP- 
mediated  modulation  of  SOD  1  activity  can  increase  mi¬ 
tochondrial  oxidative  stress,  resulting  in  mitochondrial 
dysfunction  [117], 

Fragile  X-associated  tremor/ataxia  syndrome  (FX¬ 
TAS)  is  a  late-onset  neurodegenerative  disorder  that  af¬ 
fects  individuals  who  are  carriers  of  permutation  expan¬ 
sions  of  55-200  CGG  repeats  in  the  5’UTR  of  FMR1 
gene.  Several  studies  have  reported  an  early  involve¬ 
ment  of  mitochondrial  dysfunction  in  the  pathogenesis 
of  FXTAS  [118,119],  Ross-Inta  et  al.  [118]  analysed 
dermal  fibroblasts  and  brain  samples  from  males  with 
and  without  FXTAS  symptoms,  with  a  range  of  CGG 
repeats.  They  reported  decreased  NAD-  and  FAD- 
linked  oxygen  uptake  rates,  uncoupling  between  elec¬ 
tron  transport  and  ATP  synthesis,  lower  expression  of 
mitochondrial  proteins,  and  increased  oxidative/nitra- 
tive  stress  (revealed  by  decreased  Mn  SOD  protein  and 
increased  mitochondrial  protein  nitration)  in  FXTAS. 
Interestingly,  the  mitochondrial  abnormalities  observed 
in  FXTAS  were  also  present,  although  to  a  lesser  ex¬ 
tent,  in  premutation  carriers  without  FXTAS  symp¬ 
toms,  which  suggested  that  the  onset  of  these  events 
are  earlier  than  the  onset  of  clinical  symptoms  of 
FXTAS.  Their  results  also  suggested  that  mitochondri¬ 
al  dysfunction  preceded  the  increase  in  oxidative  stress 
damage  by  a  significant  period  (perhaps  years),  and  that 
early  detection  of  mitochondrial  dysfunction  may  offer 
early  therapeutic  intervention.  In  another  study,  Napoli 
et  al.  [119]  reported  lower  oxidative  phosphorylation 
capacity  and  complex  IV  activity  in  the  fibroblasts 
from  CGG  premutation  carriers  who  did  not  display 
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overt  features  of  FXTAS.  The  fibroblasts  from  carriers 
who  had  FXTAS  symptoms  showed  lower  complex  V. 
In  addition,  higher  precursor-to-mature  ratio  of  ATPB 
(ATPase  /3-subunit)  from  complex  V  was  observed  in 
the  brains  of  patients  who  died  with  FXTAS  symptoms. 


7.  Conclusion 

Impaired  mitochondrial  functions,  and  as  a  con¬ 
sequence,  impaired  cellular  energy  state,  may  be 
one  of  the  mechanisms  underlying  the  pathophysiolo¬ 
gy  of  neurodevelopmental  disorders  including  ASDs, 
ADHD,  SZ,  DS  and  FXS.  Several  studies  have  provid¬ 
ed  the  evidence  for  deficits  in  the  expression  and/or  ac¬ 
tivities  of  mitochondrial  ETC  complexes  in  these  disor¬ 
ders.  Since  mitochondrial  and  nuclear  genomes  exert  a 
dual  genetic  control  on  the  biogenesis  and  maintenance 
of  mitochondrial  function,  the  mutations  or  deletions  in 
mitochondrial  or  nuclear  genes  may  also  be  involved  in 
mitochondrial  dysfunction  in  these  neurodevelopmen¬ 
tal  disorders.  However,  it  is  not  known  whether  mi¬ 
tochondrial  dysfunction  in  neurodevelopmental  disor¬ 
ders  is  caused  by  a  primary  genetic  abnormality,  or  it  is 
due  to  a  secondary  inhibition  of  oxidative  phosphory¬ 
lation  by  other  factors.  Abnormalities  in  mitochondrial 
ETC  will  result  in  impaired  oxidative  phosphorylation, 
leading  to  ATP  depletion  and  disturbed  brain  energy 
metabolism,  and  to  free  radical  generation  and  oxida¬ 
tive  stress.  Together,  these  defects  in  mitochondrial 
respiratory  chain  can  lead  to  abnormal  neurodevelop¬ 
ment. 


Acknowledgments 

This  work  was  supported  in  part  by  funds  from  the 
New  York  State  Office  for  People  with  Developmental 
Disabilities,  Department  of  Defense  Autism  Spectrum 
Disorders  Research  Program  AS073224P2,  Autism  Re¬ 
search  Institute,  Autism  Speaks,  and  Autism  Collabo¬ 
ration. 


References 

[1]  Bertram  R,  Gram  PM,  Luciani  DS,  Sherman  A.  A  simplified 
model  for  mitochondrial  ATP  production.  J  Theor  Biol  2006; 
243:  575-586. 

[2]  Szewczyk  A.  Wojtczak  L.  Mitochondria  as  a  pharmacologi¬ 
cal  target.  Pharmacol  Rev  2002;  54:  101-127. 


[3]  Boekema  EJ,  Braun  HP.  Supramolecular  structure  of  the  mi¬ 
tochondrial  oxidative  phosphorylation  system.  J  Biol  Chem 
2007;  282:  1-4. 

[4]  Dudkina  NV,  Eubel  H,  Keegstra  W,  Boekema  EJ,  Braun 
HP.  Structure  of  a  mitochondrial  supercomplex  formed  by 
respiratory-chain  complexes  I  and  III.  Proc  Natl  Acad  Sci  U 
S  A  2005;  102:  3225-3229. 

[5]  Cotter  D.  Guda  P,  Fahy  E,  Subramaniam  S.  MitoProteome: 
mitochondrial  protein  sequence  database  and  annotation  sys¬ 
tem.  Nucleic  Acids  Res  2004;  32:  D463-D467. 

[6]  Shadel  GS.  Expression  and  maintenance  of  mitochondrial 
DNA:  new  insights  into  human  disease  pathology.  Am  J 
Pathol  2008;  172:  1445-1456. 

[7]  Shadel  GS,  Pan  Y.  Multi-faceted  regulation  of  mitochondria 
by  TOR.  Cell  Cycle  2009;  8:  2143. 

[8]  Mattson  MP,  Liu  D.  Energetics  and  oxidative  stress  in  synap¬ 
tic  plasticity  and  neurodegenerative  disorders.  Neuromolec- 
ular  Med  2002;  2:  215-231. 

[9]  Polster  BM,  Fiskum  G.  Mitochondrial  mechanisms  of  neural 
cell  apoptosis.  J  Neurochem  2004;  90:  1281-1289. 

[  1 0]  Cadenas  E,  Davies  KJ.  Mitochondrial  free  radical  generation, 
oxidative  stress,  and  aging.  Free  Radic  Biol  Med  2000;  29: 
222-230. 

[11]  Lenaz  G.  The  mitochondrial  production  of  reactive  oxygen 
species:  mechanisms  and  implications  in  human  pathology. 
IUBMB  Life  2001;  52:  159-164. 

[12]  Hansen  JM,  Go  YM.  Jones  DP.  Nuclear  and  mitochondrial 
compartmentation  of  oxidative  stress  and  redox  signaling. 
Annu  Rev  Pharmacol  Toxicol  2006;  46:  215-234. 

[13]  Jones  DP.  Disruption  of  mitochondrial  redox  circuitry  in  ox¬ 
idative  stress.  Chem  Biol  Interact  2006;  163:  38-53. 

[14]  Kelley  MR,  Parsons  SH.  Redox  regulation  of  the  DNA  repair 
function  of  the  human  AP  endonuclease  Ape  l/ref- 1 .  Antioxid 
Redox  Signal  2001;  3:  671-683. 

[15]  McCord  JM.  The  evolution  of  free  radicals  and  oxidative 
stress.  Am  J  Med  2000;  108:  652-659. 

[  1 6]  Muller  FL,  Liu  Y,  Van  Remmen  H.  Complex  III  releases  su¬ 
peroxide  to  both  sides  of  the  inner  mitochondrial  membrane. 
J  Biol  Chem  2004;  279:  49064-49073. 

[17]  Barja  G.  Mitochondrial  oxygen  radical  generation  and  leak: 
sites  of  production  in  states  4  and  3,  organ  specificity,  and 
relation  to  aging  and  longevity.  J  Bioenerg  Biomembr  1999; 
31:  347-366. 

[18]  Sugioka  K.  Nakano  M,  Totsune-Nakano  H,  Minakami  H. 
Tero-Kubota  S,  Ikegami  Y.  Mechanism  of  02-  generation  in 
reduction  and  oxidation  cycle  of  ubiquinones  in  a  model  of 
mitochondrial  electron  transport  systems.  Biochim  Biophys 
Acta  1988;  936:  377-385. 

[  1 9]  Lord  C,  Cook  EH,  Leventhal  BL.  Amaral  DG.  Autism  spec¬ 
trum  disorders.  Neuron  2000;  28:  355-363. 

[20]  Wingate,  M,  Mulvihill  B,  Kirby  RS  et  al.  Prevalence  of  autism 
spectrum  disorders  -  Autism  and  Developmental  Disabilities 
Monitoring  Network,  14  sites,  United  States,  2008.  MMWR 
Surveill  Summ  2012;  61:  1-19. 

[21]  Kim  YS,  Leventhal  BL,  Koh  YJ  et  al.  Prevalence  of  autism 
spectrum  disorders  in  a  total  population  sample.  Am  J  Psy¬ 
chiatry  2011:  168:  904-912. 

[22]  Chauhan  A,  Gu  F,  Essa  MM  et  al.  Brain  region-specific  deficit 
in  mitochondrial  electron  transport  chain  complexes  in  chil¬ 
dren  with  autism.  J  Neurochem  2011;  117:  209-220. 

[23]  Chugani  DC.  Sundram  BS,  Behen  M.  Lee  ML,  Moore  GJ. 
Evidence  of  altered  energy  metabolism  in  autistic  children. 
Prog  Neuropsychopharmacol  Biol  Psychiatry  1999;  23:  635- 
641. 


A.  Chauhan  et  al.  /  Electron  transport  chain  and  neurodevelopmental  disorders 


221 


[24]  Minshew  NJ,  Goldstein  G,  Dombrowski  SM,  Panchalingam 
K,  Pettegrew  JW.  A  preliminary  3  IP  MRS  study  of  autism: 
evidence  for  undersynthesis  and  increased  degradation  of 
brain  membranes.  Biol  Psychiatry  1993;  33:  762-773. 

[25]  Lombard  J.  Autism:  A  mitochondrial  disorder?  Med  Hy¬ 
potheses  1998;  50:  497-500. 

[26]  Guevara-Campos  J,  Gonzalez-Guevara  L,  Briones  P  et  al. 
Autism  associated  to  a  deficiency  of  complexes  III  and  IV 
of  the  mitochondrial  respiratory  chain.  Invest  Clin  2010;  51: 
423-431. 

[27]  Filiano  JJ,  Goldenthal  MJ,  Rhodes  CH,  Marin-Garcia  J.  Mi¬ 
tochondrial  dysfunction  in  patients  with  hypotonia,  epilep¬ 
sy,  autism,  and  developmental  delay:  HE  ADD  syndrome.  J 
Child  Neurol  2002;  17:  435-439. 

[28]  Weissman  JR,  Kelley  RI,  Bauman  ML  et  al.  Mitochondri¬ 
al  disease  in  autism  spectrum  disorder  patients:  A  cohort 
analysis.  PLoS  One  2008;  3:  e3815. 

[29]  Oliveira  G,  Diogo  L,  Grazina  M  et  al.  Mitochondrial  dys¬ 
function  in  autism  spectrum  disorders:  A  population-based 
study.  Dev  Med  Child  Neurol  2005;  47:  185-189. 

[30]  Correia  C,  Coutinho  AM,  Diogo  L  et  al.  Brief  report:  High 
frequency  of  biochemical  markers  for  mitochondrial  dys¬ 
function  in  autism:  No  association  with  the  mitochondrial 
aspartate/glutamate  carrier  SLC25A12  gene.  J  Autism  Dev 
Disord  2006;  36:  1137-1140. 

[31]  Filipek  PA,  Juranek  J,  Nguyen  MT,  Cummings  C,  Gargus  JJ. 
Relative  carnitine  deficiency  in  autism.  J  Autism  Dev  Disord 
2004;  34:  615-623. 

[32]  Rossignol  DA,  Frye  RE.  Mitochondrial  dysfunction  in  autism 
spectrum  disorders:  A  systematic  review  and  meta- analysis. 
Mol  Psychiatry  2012;  17:  290-314. 

[33]  Palmieri  L,  Persico  AM.  Mitochondrial  dysfunction  in  autism 
spectrum  disorders:  cause  or  effect?  Biochim  Biophys  Acta 
2010;  1797:  1130-1137. 

[34]  Rossignol  DA,  Bradstreet  JJ.  Evidence  of  mitochondrial  dys¬ 
function  in  autism  and  implications  for  treatment.  Am  J 
Biochem  Biotech  2008;  4:  208-217. 

[35]  Gargus  JJ,  Imtiaz  F.  Mitochondrial  energy-deficient  endophe- 
notype  in  autism.  Am  J  Biochem  Biotech  2008;  4:  198-207. 

[36]  Haas  RH.  Autism  and  mitochondrial  disease.  Dev  Disabil 
Res  Rev  2010;  16:  144-153. 

[37]  Tsao  CY,  Mendell  JR.  Autistic  disorder  in  2  children  with 
mitochondrial  disorders.  J  Child  Neurol  2007;  22:  1121- 
1123. 

[38]  Ozonoff  S,  Williams  BJ,  Landa  R.  Parental  report  of  the  early 
development  of  children  with  regressive  autism:  The  delays- 
plus-regression  phenotype.  Autism  2005;  9:  461-486. 

[39]  Goldberg  WA,  Osann  K,  Filipek  PA  et  al.  Language  and  other 
regression:  Assessment  and  timing.  J  Autism  Dev  Disord 
2003;  33:  607-616. 

[40]  Hansen  RL,  Ozonoff  S,  Krakowiak  P  et  al.  Regression  in 
autism:  prevalence  and  associated  factors  in  the  CHARGE 
Study.  Ambul  Pediatr  2008;  8:  25-31. 

[41]  Stefanatos  GA.  Regression  in  autistic  spectrum  disorders. 
Neuropsychol  Rev  2008;  18:  305-319. 

[42]  Poling  JS,  Frye  RE,  Shoffner  J,  Zimmerman  AW.  Develop¬ 
mental  regression  and  mitochondrial  dysfunction  in  a  child 
with  autism.  J  Child  Neurol  2006;  21:  170-172. 

[43]  Shoffner  J,  Hyams  L,  Langley  GN  et  al.  Fever  plus  mito¬ 
chondrial  disease  could  be  risk  factors  for  autistic  regression. 
J  Child  Neurol  2010;  25:  429-434. 

[44]  Chauhan  A,  Essa,  MM,  Muthaitah  B,  Brown  WT,  Chauhan 
V.  Mitochondrial  abnormalities  in  lymphoblasts  from  autism. 
J  Neurochem  2009;  109  (Suppl  1):  273. 


[45]  James  SJ,  Rose  S,  Melnyk  S,  et  al.  Cellular  and  mitochondrial 
glutathione  redox  imbalance  in  lymphoblastoid  cells  derived 
from  children  with  autism.  FASEB  J.  2009;  23:  2374-2383. 

[46]  Holtzman  D.  Autistic  spectrum  disorders  and  mitochondrial 
encephalopathies.  Acta  Paediatr  2008;  97:  859-860. 

[47]  Giulivi  C,  Zhang  YF,  Omanska-Klusek  A  et  al.  Mitochondrial 
dysfunction  in  autism.  JAMA  2010;  304:  2389-2396. 

[48]  Chauhan  A,  Chauhan  V.  Oxidative  stress  in  autism.  Patho¬ 
physiology  2006;  13:  171-181. 

[49]  McGinnis  WR.  Oxidative  stress  in  autism.  Altem  Ther  Health 
Med  2004;  10:  22-36. 

[50]  Chauhan  A,  Chauhan  V.  Brain  oxidative  stress  and  mitochon¬ 
drial  abnormalities  in  autism:  In:  Consensus  paper:  patho¬ 
logical  role  of  the  cerebellum  in  autism  (Fatemi  SH  et  al.). 
Cerebellum  2012;  11:  777-807. 

[5 1  ]  Chauhan  A,  Chauhan  V,  Brown  WT,  Cohen  I.  Oxidative  stress 
in  autism:  Increased  lipid  peroxidation  and  reduced  serum 
levels  of  ceruloplasmin  and  transferrin  -  the  antioxidant  pro¬ 
teins.  Life  Sci  2004;  75:  2539-2549. 

[52]  James  SJ,  Cutler  P,  Melnyk  S  et  al.  Metabolic  biomarkers  of 
increased  oxidative  stress  and  impaired  methylation  capacity 
in  children  with  autism.  Am  J  Clin  Nutr  2004;  80:  1611- 
1617. 

[53]  Zoroglu  SS,  Armutcu  F,  Ozen  S  et  al.  Increased  oxidative 
stress  and  altered  activities  of  erythrocyte  free  radical  scav¬ 
enging  enzymes  in  autism.  Eur  Arch  Psychiatry  Clin  Neu- 
rosci  2004;  254:  143-147. 

[54]  Sogut  S,  Zoroglu  SS,  Ozyurt  H  et  al.  Changes  in  nitric  oxide 
levels  and  antioxidant  enzyme  activities  may  have  a  role  in 
the  pathophysiological  mechanisms  involved  in  autism.  Clin 
Chim  Acta  2003;  331:  111-117. 

[55]  Ming  X,  Stein  TP,  Brimacombe  M,  Johnson  WG,  Lambert 
GH,  Wagner  GC.  Increased  excretion  of  a  lipid  peroxida¬ 
tion  biomarker  in  autism.  Prostaglandins  Leukot  Essent  Fatty 
Acids  2005;  73:  379-384. 

[56]  Lopez-Hurtado  E,  Prieto  JJ.  A  microscopic  study  of 
language-related  cortex  in  autism.  Am  J  Biochem  Biotech 
2008;  4:  130-145. 

[57]  Evans  TA,  Perry  G,  Smith  MA  et  al.  Evidence  for  oxidative 
damage  in  the  autistic  brain.  In:  Chauhan  A.,  Chauhan  V.  and 
Brown  W.T.  (eds).  Autism:  Oxidative  stress,  inflammation 
and  immune  abnormalities,  CRC  Press,  Taylor  and  Francis 
groups,  Florida,  2009,  pp.  35-46. 

[58]  Muthaiyah  B,  Essa  MM,  Chauhan  V,  Brown  WT,  Wegiel  J, 
Chauhan  A.  Increased  lipid  peroxidation  in  cerebellum  and 
temporal  cortex  of  brain  in  autism.  J  Neurochem  2009;  108 
(Suppl.  1):  73. 

[59]  Sajdel-Sulkowska  EM,  Xu  M,  Koibuchi  N.  Increase  in  cere¬ 
bellar  neurotrophin-3  and  oxidative  stress  markers  in  autism. 
Cerebellum  2009;  8:  366-372. 

[60]  Schroer  RJ,  Phelan  MC,  Michaelis  RC  et  al.  Autism  and 
maternally  derived  aberrations  of  chromosome  15q.  Am  J 
Med  Genet  1998;  76:  327-336. 

[61]  Gillberg  C.  Chromosomal  disorders  and  autism.  J  Autism 
Dev  Disord  1998;  28:  415-425. 

[62]  Cleary  N.  Sudden  death  in  chromosome  15qll-ql3  dupli¬ 
cation  syndrome.  http://www.  idicl5.org/PhysicianAdvisory 
_Feb2009.pdf. 

[63]  Filipek  PA,  Juranek  J,  Smith  M  et  al.  Mitochondrial  dysfunc¬ 
tion  in  autistic  patients  with  15q  inverted  duplication.  Ann 
Neurol  2003;  53:  801-804. 

[64]  Ezugha  H,  Goldenthal  M,  Valencia  I,  Anderson  CE,  Legido 
A,  Marks  H.  5ql4.3  deletion  manifesting  as  mitochondrial 


A.  Chauhan  et  al.  /  Electron  transport  chain  and  neurodevelopmental  disorders 


222 

disease  and  autism:  Case  report.  J  Child  Neurol  2010;  25: 
1232-1235. 

[65]  Pons  R,  Andreu  AL,  Checcarelli  N  et  al.  Mitochondrial  DNA 
abnormalities  and  autistic  spectrum  disorders.  J  Pediatr  2004; 
144:  81-85. 

[66]  Graf  WD,  Marin-Garcia  J,  Gao  HG  et  al.  Autism  associated 
with  the  mitochondrial  DNA  G8363A  transfer  RNA(Lys) 
mutation.  J  Child  Neurol  2000;  15:  357-361. 

[67]  Marui  T,  Funatogawa  I,  Koishi  S  et  al.  The  NADH- 
ubiquinone  oxidoreductase  1  alpha  subcomplex  5  (NDU- 
FA5)  gene  variants  are  associated  with  autism.  Acta  Psychiatr 
Scand  2011;  123:  118-124. 

[68]  Taurines  R,  Thome  J,  Duvigneau  JC  et  al.  Expression  analy¬ 
ses  of  the  mitochondrial  complex  I  75-kDa  subunit  in  early 
onset  schizophrenia  and  autism  spectrum  disorder:  increased 
levels  as  a  potential  biomarker  for  early  onset  schizophrenia. 
Eur  Child  Adolesc  Psychiatry  2010;  19:  441-448. 

[69]  Amir  RE,  Van  dV,  I,  Wan  M,  Tran  CQ,  Francke  U,  Zoghbi  H  Y. 
Rett  syndrome  is  caused  by  mutations  in  X-linked  MECP2, 
encoding  methyl-CpG-binding  protein  2.  Nat  Genet  1999; 
23:  185-188. 

[70]  Coker  SB,  Melnyk  AR.  Rett  syndrome  and  mitochondrial 
enzyme  deficiencies.  J  Child  Neurol  1991;  6:  164-166. 

[71]  Heilstedt  HA,  Shahbazian  MD,  Lee  B.  Infantile  hypotonia 
as  a  presentation  of  Rett  syndrome.  Am  J  Med  Genet  2002; 
111:238-242. 

[72]  Ruch  A,  Kurczynski  TW,  Velasco  ME.  Mitochondrial  alter¬ 
ations  in  Rett  syndrome.  Pediatr  Neurol  1989;  5:  320-323. 

[73]  Eeg-Olofsson  O,  al  Zuhair  AG,  Teebi  AS  et  al.  Rett  syn¬ 
drome:  a  mitochondrial  disease?  J  Child  Neurol  1990;  5: 
210-214. 

[74]  Doth  MT,  Manneschi  L,  Malandrini  A,  De  Stefano  N,  Cazn- 
erale  F,  Federico  A.  Mitochondrial  dysfunction  in  Rett  syn¬ 
drome.  An  ultrastructural  and  biochemical  study.  Brain  Dev 
1993;  15:  103-106. 

[75]  Stradomska  TJ,  Tylki-Szymanska  A,  Bentkowski  Z.  Very 
long-chain  fatty  acids  in  Rett  syndrome.  Eur  J  Pediatr  1999; 
158:  226-229. 

[76]  Su  H,  Fan  W,  Coskun  PE  et  al.  Mitochondrial  dysfunction 
in  CA1  hippocampal  neurons  of  the  UBE3A  deficient  mouse 
model  for  Angelman  syndrome.  Neurosci  Lett  2011;  487: 
129-133. 

[77]  Kriaucionis  S,  Paterson  A,  Curtis  J,  Guy  J,  Macleod  N,  Bird 
A.  Gene  expression  analysis  exposes  mitochondrial  abnor¬ 
malities  in  a  mouse  model  of  Rett  syndrome.  Mol  Cell  Biol 
2006;  26:  5033-5042. 

[78]  Faraone  SV,  Sergeant  J,  Gillberg  C,  Biederman  J.  The  world¬ 
wide  prevalence  of  ADHD:  is  it  an  American  condition? 
World  Psychiatry  2003;  2:  104-113. 

[79]  Bradstreet  JJ,  Smith  S,  Baral  M,  Rossignol  DA.  Biomarker- 
guided  interventions  of  clinically  relevant  conditions  asso¬ 
ciated  with  autism  spectrum  disorders  and  attention  deficit 
hyperactivity  disorder.  Altern  Med  Rev  2010;  15:  15-32. 

[80]  Papa  M,  Sellitti  S,  Sadile  AG.  Remodeling  of  neural  networks 
in  the  anterior  forebrain  of  an  animal  model  of  hyperactivity 
and  attention  deficits  as  monitored  by  molecular  imaging 
probes.  Neurosci  Biobehav  Rev  2000;  24:  149-156. 

[81]  Fagundes  AO,  Rezin  GT,  Zanette  F  et  al.  Chronic  administra¬ 
tion  of  methylphenidate  activates  mitochondrial  respiratory 
chain  in  brain  of  young  rats.  Int  J  Dev  Neurosci  2007;  25: 
47-51. 

[82]  Fagundes  AO,  Scaini  G,  Santos  PM  et  al.  Inhibition  of  mi¬ 
tochondrial  respiratory  chain  in  the  brain  of  adult  rats  after 


acute  and  chronic  administration  of  methylphenidate.  Neu- 
rochem  Res  2010;  35:  405-411. 

[83]  Bubber  P,  Tang  J,  Haroutunian  V  et  al.  Mitochondrial  en¬ 
zymes  in  schizophrenia.  J  Mol  Neurosci  2004;  24:  315-321. 

[84]  Rezin  GT,  Amboni  G,  Zugno  Al,  Quevedo  J,  Streck  EL.  Mito¬ 
chondrial  dysfunction  and  psychiatric  disorders.  Neurochem 
Res  2009;  34:  1021-1029. 

[85]  Scaglia  F.  The  role  of  mitochondrial  dysfunction  in  psychi¬ 
atric  disease.  Dev  Disabil  Res  Rev  2010;  16:  136-143. 

[86]  Maurer  I,  Zierz  S,  Moller  H.  Evidence  for  a  mitochondrial 
oxidative  phosphorylation  defect  in  brains  from  patients  with 
schizophrenia.  Schizophr  Res  2001;  48:  125-136. 

[87]  Fujimoto  T,  Nakano  T,  Takano  T,  Hokazono  Y,  Asakura  T, 
Tsuji  T.  Study  of  chronic  schizophrenics  using  3 IP  magnet¬ 
ic  resonance  chemical  shift  imaging.  Acta  Psychiatr  Scand 
1992;  86:  455-462. 

[88]  Kegeles  LS,  Humaran  TJ,  Mann  JJ.  In  vivo  neurochemistry  of 
the  brain  in  schizophrenia  as  revealed  by  magnetic  resonance 
spectroscopy.  Biol  Psychiatry  1998;  44:  382-398. 

[89]  Volz  HR,  Riehemann  S,  Maurer  I  et  al.  Reduced  phos- 
phodiesters  and  high-energy  phosphates  in  the  frontal  lobe 
of  schizophrenic  patients:  A  (31)P  chemical  shift  spec¬ 
troscopic-imaging  study.  Biol  Psychiatry  2000;  47:  954-961. 

[90]  Ben  Shachar  D.  Mitochondrial  dysfunction  in  schizophrenia: 
A  possible  linkage  to  dopamine.  J  Neurochem  2002;  83: 
1241-1251. 

[91]  Uranova  NA,  Aganova  EA.  Ultrastructure  of  the  synapses  of 
the  anterior  limbic  cortex  in  schizophrenia.  Zh  Nevropatol 
Psikhiatr  Im  S  S  Korsakova  1989;  89:  56-59  (in  Russian). 

[92]  Kung  L,  Roberts  RC.  Mitochondrial  pathology  in  human 
schizophrenic  striatum:  A  postmortem  ultrastructural  study. 
Synapse  1999;  31:  67-75. 

[93]  Cavelier  L,  Jazin  EE,  Eriksson  I  et  al.  Decreased  cytochrome- 
c  oxidase  activity  and  lack  of  age-related  accumulation  of 
mitochondrial  DNA  deletions  in  the  brains  of  schizophrenics. 
Genomics  1995;  29:  217-224. 

[94]  Andreazza  AC,  Shao  L,  Wang  JF,  Young  LT.  Mitochondri¬ 
al  complex  I  activity  and  oxidative  damage  to  mitochondri¬ 
al  proteins  in  the  prefrontal  cortex  of  patients  with  bipolar 
disorder.  Arch  Gen  Psychiatry  2010;  67:  360-368. 

[95]  Prince  JA,  Blennow  K,  Gottfries  CG,  Karlsson  I,  Oreland  L. 
Mitochondrial  function  is  differentially  altered  in  the  basal 
ganglia  of  chronic  schizophrenics.  Neuropsychopharmacol¬ 
ogy  1999;  21:  372-379. 

[96]  Whatley  SA,  Curti  D,  Marchbanks  RM.  Mitochondrial  in¬ 
volvement  in  schizophrenia  and  other  functional  psychoses. 
Neurochem  Res  1996;  21:  995-1004. 

[97]  Buchsbaum  MS,  Haier  RJ,  Potkin  SG,  et  al.  Frontostri- 
atal  disorder  of  cerebral  metabolism  in  never-medicated 
schizophrenics.  Arch  Gen  Psychiatry.  1992;  49:  935-942 

[98]  Holcomb  HH,  Cascella  NG,  Thaker  GK,  Medoff  DR,  Dan- 
nals  RF,  Tamminga  CA.  Functional  sites  of  neuroleptic  drug 
action  in  the  human  brain:  PET/FDG  studies  with  and  with¬ 
out  haloperidol.  Am  J  Psychiatry.  1996;  153:41-49. 

[99]  Reddy  RD,  Yao  JK.  Free  radical  pathology  in  schizophrenia: 
A  review.  Prostaglandins  Leukot  Essent  Fatty  Acids  1996; 
55:  33-43. 

[100]  Yao  JK,  Reddy  RD,  van  Kammen  DP.  Oxidative  damage  and 
schizophrenia:  an  overview  of  the  evidence  and  its  therapeu¬ 
tic  implications.  CNS  Drugs  2001;  15:  287-310. 

[101]  Dietrich-Muszalska  A,  Kontek  B.  Lipid  peroxidation  in  pa¬ 
tients  with  schizophrenia.  Psychiatry  Clin  Neurosci  2010; 
64:  469-475. 


A.  Chauhan  et  al.  /  Electron  transport  chain  and  neurodevelopmental  disorders 


223 


[102]  Dadheech  G,  Mishra  S,  Gautam  S,  Sharma  P.  Evaluation 
of  antioxidant  deficit  in  schizophrenia.  Indian  J  Psychiatry 
2008;  50:  16-20. 

[103]  Skinner  AO,  Mahadik  SP,  Garver  DL.  Thiobarbituric  acid  re¬ 
active  substances  in  the  cerebrospinal  fluid  in  schizophrenia. 
Schizophr  Res  2005;  76:  83-87. 

[104]  Akyol  O,  Herken  H,  Uz  E  et  al.  The  indices  of  endoge¬ 
nous  oxidative  and  antioxidative  processes  in  plasma  from 
schizophrenic  patients.  The  possible  role  of  oxidant/antiox- 
idant  imbalance.  Prog  Neuropsychopharmacol  Biol  Psychi¬ 
atry  2002;  26:  995-1005. 

[105]  Kuloglu  M,  Ustundag  B,  Atmaca  M,  Canatan  H,  Tezcan 
AE,  Cinkilinc  N.  Lipid  peroxidation  and  antioxidant  enzyme 
levels  in  patients  with  schizophrenia  and  bipolar  disorder. 
Cell  Biochem  Funct  2002;  20:  171-175. 

[106]  Iwamoto  K,  Bundo  M,  Kato  T.  Altered  expression  of 
mitochondria-related  genes  in  postmortem  brains  of  patients 
with  bipolar  disorder  or  schizophrenia,  as  revealed  by  large- 
scale  DNA  microarray  analysis.  Hum  Mol  Genet  2005;  14: 
241-253. 

[107]  Ji  B,  La  Y,  Gao  L  et  al.  A  comparative  proteomics  analysis  of 
rat  mitochondria  from  the  cerebral  cortex  and  hippocampus 
in  response  to  antipsychotic  medications.  J  Proteome  Res 
2009;  8:  3633-3641. 

[108]  Lowenthal  R,  Paula  CS,  Schwartzman  JS,  Brunoni  D,  Mer- 
cadante  MT.  Prevalence  of  pervasive  developmental  disor¬ 
der  in  Down’s  syndrome.  J  Autism  Dev  Disord  2007;  37: 
1394-1395. 

[109]  Kim  SH,  Vlkolinsky  R,  Cairns  N,  Fountoulakis  M,  Lubec  G. 
The  reduction  of  NADH  ubiquinone  oxidoreductase  24-  and 
75-kDa  subunits  in  brains  of  patients  with  Down  syndrome 
and  Alzheimer’s  disease.  Life  Sci  2001;  68:  2741-2750. 

[110]  Kim  SH,  Vlkolinsky  R,  Cairns  N,  Lubec  G.  Decreased  lev¬ 
els  of  complex  III  core  protein  1  and  complex  V  beta  chain 


in  brains  from  patients  with  Alzheimer’s  disease  and  Down 
syndrome.  Cell  Mol  Life  Sci  2000;  57:  1810-1816. 

[111]  Valenti  D,  Manente  G A,  Moro  L,  Marra  E,  Vacca  RA.  Deficit 
of  complex  I  activity  in  human  skin  fibroblasts  with  chro¬ 
mosome  21  trisomy  and  overproduction  of  reactive  oxygen 
species  by  mitochondria:  involvement  of  the  cAMP/PKA 
signalling  pathway.  Biochem  J  2011;  435:  679-688. 

[112]  Krapfenbauer  K,  Yoo  BC,  Cairns  N,  Lubec  G.  Differential 
display  reveals  deteriorated  mRNA  levels  of  NADH3  (com¬ 
plex  I)  in  cerebellum  of  patients  with  Down  syndrome.  J 
Neural  Transm  Suppl  1999;  57:  211-220. 

[113]  Bambrick  LL,  Fiskum  G.  Mitochondrial  dysfunction  in 
mouse  trisomy  16  brain.  Brain  Res  2008;  1188:  9-16. 

[114]  Verkerk  AJ,  Pieretti  M,  Sutcliffe  JS  et  al.  Identification  of 
a  gene  (FMR-1)  containing  a  CGG  repeat  coincident  with  a 
breakpoint  cluster  region  exhibiting  length  variation  in  fragile 
X  syndrome.  Cell  1991;  65:  905-914. 

[115]  Hernandez  RN,  Feinberg  RL,  Vaurio  R,  Passanante  NM, 
Thompson  RE,  Kaufmann  WE.  Autism  spectrum  disorder  in 
fragile  X  syndrome:  A  longitudinal  evaluation.  Am  J  Med 
Genet  A  2009;  149A:  1125-1137. 

[116]  Bechara  EG,  Didiot  MC,  Melko  M  et  al.  A  novel  function 
for  fragile  X  mental  retardation  protein  in  translational  acti¬ 
vation.  PLoS  Biol  2009;  7:  el 6. 

[117]  Wallace  DC.  A  mitochondrial  paradigm  of  metabolic  and  de¬ 
generative  diseases,  aging,  and  cancer:  A  dawn  for  evolu¬ 
tionary  medicine.  Annu  Rev  Genet  2005;  39:  359-407. 

[118]  Ross-Inta  C,  Omanska-Klusek  A,  Wong  S  et  al.  Evidence 
of  mitochondrial  dysfunction  in  fragile  X-associated  tremor/ 
ataxia  syndrome.  Biochem  J  2010;  429:  545-552. 

[119]  Napoli  E,  Ross-Inta  C,  Wong  S  et  al.  Altered  zinc  transport 
disrupts  mitochondrial  protein  processing/import  in  fragile 
X-associated  tremor/ataxia  syndrome.  Hum  Mol  Genet  2011; 
20:  3079-3092. 


Appendix  4 


Life  Sciences  85  (2009)  788-793 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Life  Sciences 

journal  homepage:  www.elsevier.com/locate/lifescie 


Increased  activities  of  Na+/K+-ATPase  and  Ca2+/Mg2+-ATPase  in  the  frontal  cortex 
and  cerebellum  of  autistic  individuals 

Lina  Ji,  Abha  Chauhan,  W.  Ted  Brown,  Ved  Chauhan  * 

NYS  Institute  for  Basic  Research  in  Developmental  Disabilities,  1050  Forest  Hill  Road,  Staten  Island,  New  York  10314,  USA 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  23  July  2009 
Accepted  15  October  2009 


Keywords: 

Autism  spectrum  disorders 

Ca2+/Mg2+-ATPase 

Na+/K+-ATPase 


Aims:  Na+/K+-ATPase  and  Ca2+/Mg2+-ATPase  are  enzymes  known  to  maintain  intracellular  gradients  of 
ions  that  are  essential  for  signal  transduction.  The  aim  of  this  study  was  to  compare  the  activities  of  Na+/K+- 
ATPase  and  Ca2+/Mg2+-ATPase  in  postmortem  brain  samples  from  the  cerebellum  and  frontal,  temporal, 
parietal,  and  occipital  cortices  from  autistic  and  age-matched  control  subjects. 

Main  methods:  The  frozen  postmortem  tissues  from  different  brain  regions  of  autistic  and  control  subjects 
were  homogenized.  The  activities  of  Na+/K+-ATPase  and  Ca2+/Mg2+-ATPase  were  assessed  in  the  brain 
homogenates  by  measuring  inorganic  phosphorus  released  by  the  action  of  Na+/I<+-  and  Ca2+/Mg2+- 
dependent  hydrolysis  of  ATP. 

Key  findings:  In  the  cerebellum,  the  activities  of  both  Na+/K+-ATPase  and  Ca2+/Mg2+-ATPase  were 
significantly  increased  in  the  autistic  samples  compared  with  their  age-matched  controls.  The  activity  of 
Na+/K+-ATPase  but  not  Ca2+/Mg2+-ATPase  was  also  significantly  increased  in  the  frontal  cortex  of  the 
autistic  samples  as  compared  to  the  age-matched  controls.  In  contrast,  in  other  regions,  i.e.,  the  temporal, 
parietal  and  occipital  cortices,  the  activities  of  these  enzymes  were  similar  in  autism  and  control  groups. 
Significance:  The  results  of  this  study  suggest  brain-region  specific  increases  in  the  activities  of  Na+/K+- 
ATPase  and  Ca2+/Mg2+-ATPase  in  autism.  Increased  activity  of  these  enzymes  in  the  frontal  cortex  and 
cerebellum  may  be  due  to  compensatory  responses  to  increased  intracellular  calcium  concentration  in 
autism.  We  suggest  that  altered  activities  of  these  enzymes  may  contribute  to  abnormal  neuronal  circuit 
functioning  in  autism. 

©  2009  Elsevier  Inc.  All  rights  reserved. 


Introduction 

Autism  is  a  severe  neurological  disorder  that  causes  impairment  in 
language,  cognition  and  socialization  (Lord  et  al.  2000).  It  is  a  hetero¬ 
geneous  disorder,  both  etiologically  and  phenotypically.  Autism  belongs 
to  a  group  of  neurodevelopmental  disorders  known  as  autism  spectrum 
disorders  (ASD)  that  includes  Pervasive  Developmental  Disorder-Not 
Otherwise  Specified  (PDD-NOS),  Asperger  disorder,  Childhood  Disinte¬ 
grative  Disorder  (CDD)  and  Rett  syndrome.  According  to  the  Centers  for 
Disease  Control  (CDC),  1  in  150  children  is  diagnosed  with  ASD. 

Genetic,  neurochemical,  neuroimaging  and  behavioral  studies 
suggest  that  neural  properties  may  be  perturbed  in  autism,  giving  rise 
to  abnormalities  in  processing  of  neuronal  information  leading  to 
complex  behavioral  abnormalities  (Belmont  et  al.  2004).  Na+/K+- 
ATPase  and  Ca2+/Mg2+-ATPase  are  known  to  play  important  roles  in 
neuronal  transmission.  A  gradient  of  high  K+  and  low  Na+  intracellular 
concentration  is  needed  for  the  optimum  neuronal  functions  (McCor¬ 
mick  and  Huguenard  1994;  Palladino  et  al.  2003).  Na+/K+-ATPase  is  a 
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membrane-bound  enzyme  involved  in  maintaining  the  Na+  and  I<+ 
gradient  across  the  cell  membrane.  It  is  ubiquitously  expressed  in 
neurons  (Pietrini  et  al.  1992),  and  helps  to  maintain  normal  neuronal 
function.  The  Na+/K+-ATPase  extrudes  three  Na+  ions  and  imports  two 
K+  ions.  This  activity  is  important  in  the  regulation  of  membrane 
potential.  The  Na+/K+-ATPase  activity  contributes  to  the  resting 
membrane  potential  in  the  cell,  and  returns  Na+  and  I<+  concentrations 
to  their  resting  transmembrane  levels  after  bursts  of  stimulatory  activity 
(Blaustein  1993).  Na+/K+-ATPase  abnormality  has  been  reported  to  be 
involved  in  several  neurological  diseases  such  as  seizures  (Brines  et  al. 
1995;  Fernandes  et  al.  1 996) ,  bipolar  disorder  ( Amiet  et  al.  2008 ;  Christo 
and  el  Mallakh  1993),  spongiform  encephalopathy  (Renkawek  et  al. 
1992),  and  Alzheimer's  disease  (Rose  and  Valdes  1994).  Na+/K+- 
ATPase  may  also  have  implications  in  behavioral  defects.  Lingrel  et  al. 
(2007)  reported  that  haploinsuffciency  of  Na+/K+-ATPase  a2  and  ct3 
isoforms  results  in  behavioral  defects. 

Calcium  is  an  important  signaling  molecule  in  cells  (Berridge 
1992).  Many  cellular  functions  are  regulated  by  intracellular  free 
calcium  concentrations.  In  resting  cells,  a  sub-optimum  concentration 
of  intracellular  calcium  is  maintained  either  by  storing  calcium  in 
intracellular  reserves  by  the  action  of  ATPase  (Nori  et  al.  1996),  by 
extrusion  of  calcium  by  plasma  membrane-bound  calcium  ATPase 
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(Carafoli  et  al.  1996)  or  by  Na+/  Ca2+  exchange  (Blaustein  and 
Lederer  1999).  In  stimulated  cells,  a  sudden  influx  of  calcium  occurs  in 
a  receptor-coupled  manner  where  calcium  participates  in  activating 
several  proteins,  which  perform  specific  functions.  Neurons  use 
intracellular  Ca2+  to  control  various  functions.  Disturbances  in  Ca2+ 
homeostasis  can  lead  to  neuronal  dysfunction  and  eventual  neuronal 
death.  Several  neurological  diseases  are  caused  primarily  by  mal¬ 
functioning  of  Ca2+  channels  or  Ca2+/Mg2+-ATPase  (Cooper  and  Jan 
1999;  Jacobsen  et  al.  1999).  Recently,  Gargus  reported  genetic  calcium 
signaling  abnormalities  in  several  neurological  conditions,  including 
seizures,  migraines  and  autism  (Gargus  2009).  However,  it  is  not 
known  whether  Na+/I<+-ATPase  and  Ca2+/Mg2+-ATPase  abnormal¬ 
ities  are  involved  in  autism.  The  present  study  was  undertaken  to 
determine  whether  the  activities  of  Na+/K+-ATPase  and  Ca2+/Mg2+- 
ATPase  are  affected  in  autism.  We  found  that  activities  of  Na+/I<+- 
ATPase  and  Ca2+/Mg2+-ATPase  are  specifically  increased  in  the 
frontal  cortex  and  cerebellum  of  brains  from  autistic  subjects,  while 
they  were  unchanged  in  the  parietal,  occipital  and  temporal  cortices. 

Materials  and  methods 

Materials 

Samples  of  postmortem  frozen  brain  regions,  i.e.,  the  cerebellum, 
and  cortices  from  the  frontal,  temporal,  parietal  and  occipital  lobes 
(N=  6-10  for  different  brain  regions)  from  autistic  and  age-matched 
control  subjects  (N  =  8-10)  were  obtained  from  the  National  Institute 
of  Child  Health  and  Human  Development  (NICHD)  Brain  and  Tissue 
Bank  for  Developmental  Disorders.  The  age  (Mean±S.E.)  for  autistic 
subjects  was  13  ±  3.7  years  and  for  control  subjects,  12.5  ±  3.5  years. 
The  mean  postmortem  interval  (PMI)  for  the  autistic  samples  was 
22  ±  4.5  h,  and  for  control  samples,  17  ±  1.3  h.  Donors  with  autism  fit 
the  diagnostic  criteria  of  the  Diagnostic  and  Statistical  Manual-IV,  as 
confirmed  by  the  Autism  Diagnostic  Interview-Revised  (ADI-R).  All 
brain  samples  were  stored  at  —  70  °C.  This  study  was  approved  by  the 
Institutional  Review  Board  of  the  New  York  State  Institute  for  Basic 
Research. 

Preparation  of  brain  homogenates 

The  tissues  were  homogenized  (10%  w/v)  in  cold  buffer  containing 
50  mM  Tris-HCl  (pH  7.4),  8.5%  sucrose,  2  mM  EDTA,  10  mM  (5- 
mercaptoethanol  and  protease  inhibitor  cocktail  (Sigma-Aldrich)  in  a 
Downs  homogenizer  with  5  strokes  at  4  °C.  The  protein  concentration 
was  assayed  by  the  BioRad  protein  assay  kit. 

Measurement  of  Na+/K+-ATPase  activity 

The  reaction  mixture  containing  25  pi  of  2  M  NaCl,  25  pi  of  25  mM 
KC1, 25  pi  of  60  mM  MgCl2,  5  pi  of  10  mM  EGTA  and  brain  homogenate 
(0.5  mg)  was  adjusted  to  a  total  volume  of  490  pi  with  50  mM  Tris- 
HCl,  pH  7.5,  and  incubated  at  37  °C  for  1 0  min.  The  reaction  was  started 
by  adding  10  pi  of  150  mM  ATP.  After  1  h,  the  reaction  was  stopped  by 
adding  1  ml  of  cold  15%  TCA.  The  samples  were  kept  on  ice  for  1  h, 
followed  by  centrifugation  at  lOOOgfor  15  min.  Inorganic  phosphorus 
in  the  500  pi  supernatant  was  measured  by  the  method  of  Fiske  and 
Subbarow  (1953). 

Measurement  of  Ca2+/Mg2+-ATPase  activity 

The  reaction  mixture  containing  25  pi  of  2  M  NaCl,  25  pi  of  25  mM 
KC1,  25  pi  of  60  mM  MgCl2,  5  pi  of  10  mM  Quabain,  10  pi  of  10  mM 
CaCl2,  and  brain  homogenate  (0.5  mg)  was  adjusted  to  a  total  volume 
of  490  pi  with  50  mM  Tris-HCl,  pH  7.5,  and  incubated  at  37  °C  for 
10  min.  The  reaction  was  initiated  by  adding  10  pi  of  150  mM  ATP. 
After  1  h,  the  reaction  was  stopped  by  adding  1  ml  of  cold  15%  TCA. 


The  samples  were  kept  on  ice  for  1  h,  followed  by  centrifugation  at 
lOOOg.  Inorganic  phosphorus  in  the  500  pi  supernatant  was  then 
measured. 

Statistical  analysis 

The  enzyme  activities  in  autism  and  control  groups  were 
compared  by  unpaired  student's  t-test. 

Results 

Na+/I<+-ATPase  activity  in  different  brain  regions  from  autistic  and 
control  subjects 

Fig.  1  shows  the  Na+/K+-ATPase  activity  in  the  cerebellum  of 
autistic  and  age-matched  control  subjects.  The  Na+/K+-ATPase 
activity  (pg  phosphorus  released/mg  protein/h)  in  the  cerebellum  of 
the  autistic  samples  (Mean±S.E.:188±  13)  was  significantly  higher 
(p  <  0.05 )  as  compared  to  control  samples  ( 1 56  ±  8 ).  In  Fig.  2,  the  Na+/ 
K+-ATPase  activity  in  the  cortices  from  frontal,  temporal,  parietal  and 
occipital  regions  is  shown.  The  activity  of  Na+/K+-ATPase  in  the 
frontal  cortex  of  the  autistic  subjects  ( 1 69  ±  5 )  was  significantly  higher 
(p<0.03)  as  compared  to  the  control  subjects  (145±8.7).  However, 
the  activity  of  the  Na+/K+-ATPase  was  similar  between  the  autistic 
and  control  groups  in  other  brain  regions,  i.e.,  temporal  cortex  (autism, 
142±13;  and  controls,  128±7.5);  parietal  cortex  (autism,  131  ±4; 
and  controls,  130  ±6);  and  occipital  cortex  (autism,  294  ±22,  and 
controls,  309 ±15).  No  relation  was  observed  between  PMI  and  the 
activity  of  this  enzyme  in  the  brain. 

Ca2+/Mg2+-ATPase  activity  in  different  brain  regions  from  autistic  and 
control  subjects 

Ca2+/Mg2+-ATPase  activity  in  the  cerebellum  of  autistic  and  control 
subjects  is  shown  in  Fig.  3.  The  Ca2+/Mg2+-ATPase  activity  (pg 
phosphorus  released/mg  protein/h)  in  the  cerebellum  of  the  autistic 
samples  (Mean±S.E.:  190  =1=  13)  was  significantly  higher  (p<0.0005) 
than  in  age-matched  controls  (130±4.5).  There  was  no  overlap  in  the 
Ca2+/Mg2+-ATPase  activity  between  autistic  and  control  samples. 

Fig.  4  shows  the  Ca2+/Mg2+-ATPase  activity  in  the  cortices  from 
frontal,  temporal,  parietal  and  occipital  regions.  No  significant  differ¬ 
ences  in  the  activity  of  Ca2+/Mg2+-ATPase  was  observed  in  the  frontal 
cortex  (autism,  105±6.7;  and  controls,  96.7 ± 5.6) ;  temporal  cortex 
(autism,  110±  12;  and  controls,  98  ±6);  parietal  cortex  (autism,  111  ± 
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Fig.  1.  Na+/K+-ATPase  activity  in  the  cerebellum  of  autistic  and  control  subjects.  The 
enzyme  activity  was  measured  in  the  cerebellum  of  autistic  and  control  subjects  as 
described  in  'Materials  and  methods’.  The  horizontal  line  represents  average  Na+/K+- 
ATPase  activity  in  each  group.  *  denotes  p<0.05,  autism  vs.  control  group. 
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Fig.  2.  Na+/I<+-ATPase  activity  in  the  frontal,  occipital,  parietal  and  temporal  cortices  from  autistic  and  control  subjects.  The  activity  of  Na+/K+-ATPase  was  measured  in  different 
brain  regions  from  autistic  and  control  subject  as  described  in  'Materials  and  methods'.  *  denotes  p<0.03,  autism  vs.  control  group. 


6,  and  control,  115±10);  and  occipital  cortex  (autism,  211  ±22;  and 
controls,  200  ±8).  No  relation  was  observed  between  PMI  and  the 
activity  of  this  enzyme  in  the  brain. 
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Fig.  3.  Ca2+/Mg2+-ATPase  activity  in  the  cerebellum  of  autistic  and  control  subjects.  The 
enzyme  activity  was  measured  in  the  cerebellum  of  autistic  and  control  subjects  as 
described  in  'Materials  and  methods’.  The  horizontal  line  represents  average  Ca2+/Mg2+- 
ATPase  activity  in  each  group.  *  denotes  p  <  0.0005,  autism  vs.  control  group. 


Discussion 

I<+,  Na+  and  Ca2+  play  important  roles  in  neuronal  signaling  due 
to  the  conduction  of  electrical  activity  of  neurons  (McCormick  and 
Huguenard  1994).  Therefore,  control  of  excitability  of  neurons  is 
maintained  by  the  ionic  environment.  Intracellular  concentrations  of 
Na+  and  Ca2+  are  several  folds  lower  and  that  of  potassium  are  higher 
as  compared  to  their  extracellular  concentrations.  The  net  transmem¬ 
brane  potential  across  the  membrane  is  maintained  at  —  60  mV.  If  the 
ionic  concentration  is  perturbed  (e.g.,  levels  of  intracellular  Ca2+  and 
Na+  or  extracellular  K+  are  altered),  this  can  lead  to  depolarization 
and  abnormal  neuronal  activity  due  to  depolarization  of  neuronal- 
terminals,  neurotransmitters  release,  depolarization  of  neurons  and 
discharge  of  action  potential  (Somjen  2002). 

Na+/I<+-ATPase  and  Ca2+/Mg2+-ATPase  are  two  ATP-hydrolyzing 
enzymes  which  maintain  the  electrochemical  gradient  in  the  cells  in 
an  energy-dependent  manner.  Na+/K+-ATPase  extrudes  three  Na+ 
molecules  in  exchange  for  internalization  of  two  I<+  molecules.  The 
Na+/I<+-ATPase  is  composed  of  multiple  isoforms  (al,  a2  and  a3), 
and  these  isoforms  differ  in  their  distribution  in  tissues  and  during 
development.  Lingrei  et  al.  (2007)  reported  that  haploinsuffciency  of 
its  a2  and  a3  isoforms  results  in  behavioral  defects.  In  another  study, 
mutations  in  a  C-terminal  region  of  other  voltage-gated  Na+  channels 
have  been  reported  to  reduce  the  amount  of  channel  inactivation 
(Glaaser  et  al.  2006;  Kim  et  al.  2004).  Another  report  suggests  func¬ 
tional  deficit  of  Ca2+-activated  I<+  channel  (BKCa),  a  synaptic  regu¬ 
lator  of  neuronal  excitability  in  autism  (Laumonnier  et  al.  2006). 
Disruption  of  the  BKCa  gene  (KCNMA1 )  led  to  haploinsufficiency  and 
reduced  BKCa  activity  in  autism.  These  reports  on  decrease  in  BKCa 
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Fig.  4.  Ca2+/Mg2+-ATPase  activity  in  the  frontal,  occipital,  parietal  and  temporal  cortices  of  the  brain  regions  from  autistic  and  control  subjects.  The  activity  of  Ca2+/Mg2+-ATPase 
was  measured  in  different  brain  regions  from  autistic  and  control  subjects  as  described  in  'Materials  and  methods’. 


channel  activity,  and  reduced  inactivation  of  voltage-gated  Ca2+ 
channels  in  individuals  with  autism,  raise  the  possibility  that 
excessive  ion  channel  activity  may  lead  to  ASD. 

Since  I<+,  Na+  and  Ca2+  play  important  roles  in  developing  electro¬ 
chemical  gradients  and  in  neuronal  signaling,  the  altered  activities  of 
Na+/K+-ATPase  and  Ca2+/Mg2+-ATPase  may  have  a  significant 
impact  on  brain  function  in  autistic  subjects.  Our  results  show  that 
the  activities  of  both  Na+/K+-ATPase  and  Ca2+/Mg2+-ATPase  were 
significantly  increased  in  the  cerebellum  in  autism  as  compared  with 
age-matched  controls,  while  the  activity  of  Na+/K+-ATPase  was  also 
significantly  increased  in  the  frontal  cortex  in  autism.  In  other  regions 
of  cerebrum  i.e.,  occipital,  parietal  and  temporal  cortex,  the  activities  of 
Na+/K+-ATPase  and  Ca2+/Mg2+-ATPase  were  similar  between  autis¬ 
tic  and  control  subjects.  Increased  activity  of  Na+/I<+-ATPase  has  been 
reported  in  several  other  pathological  conditions  such  as  in  experi¬ 
mentally  induced  epilepsy  (Fernandes  et  al.  1996;  Reime  et  al.  2007), 
and  in  Crush  syndrome  (Desai  and  Desai  2007).  In  chronic  fatigue 
syndrome,  the  activities  of  both  Na+/K+-ATPase  and  Ca2+/Mg2+- 
ATPase  are  increased  in  sarcoplasmic  reticulum  membranes  (Fulle 
et  al.  2003).  In  addition,  Takser  et  al.  (2003)  reported  a  correlation  of 
ATPase  activities  with  early  psychomotor  development  in  humans. 
Rapid  eye  movement  sleep  deprivation  has  also  been  reported  to 
increase  Na+/I<+ -ATPase  activity  (Mallick  et  al.  2000).  In  addition, 
certain  environmental  factors  such  as  lead  have  been  reported  to 
increase  the  activity  of  Na+/K+-ATPase  (Regunathan  and  Sundaresan 
1985). 

After  a  stimulus,  calcium  flows  rapidly  into  neurons  through 
various  types  of  membrane  channels  including  voltage-dependent 
and  receptor-coupled  channels.  Intracellular  Ca2+  concentrations 


are  quickly  restored  to  resting  levels  primarily  through  Ca2+/Mg2+- 
ATPase,  Na+/Ca+  exchange,  and  endoplasmic  sequestration.  Calci¬ 
um  is  essential  for  neurotransmitter  release,  and  Ca2+  influx  is 
essential  for  neuronal  excitability.  Improper  intracellular  regulation 
of  calcium  has  been  linked  with  several  neurological  disorders.  The 
receptor-coupled  increase  in  intracellular  levels  of  calcium  is 
important  for  neuronal  survival,  differentiation,  migration,  and 
synaptogenesis  (Aamodt  and  Constantine-Paton  1999;  Cline  2001; 
Komuro  and  Rakic  1998;  Moody  and  Bosma  2005;  Represa  and  Ben 
Ari  2005;  Spitzer  et  al.  2004).  Defects  in  these  developmental 
processes  can  lead  to  neuroanatomical  abnormalities,  such  as 
increased  cell-packing  density,  decreased  neuron  size  and  arboriza¬ 
tions,  and  alterations  in  connectivity.  Such  abnormalities  have  been 
associated  with  ASD  patients  (Courchesne  et  al.  2005;  DiCicco- 
Bloom  et  al.  2006).  Plasma  membrane  calcium  ATPase  plays  an 
important  role  in  the  translocation  of  calcium  from  the  cytosol  to 
the  extracellular  milieu.  Our  results  suggest  that  Ca2+/Mg2+-ATPase 
activity  is  significantly  increased  in  the  cerebellum  of  autistic  sub¬ 
jects,  but  not  in  other  regions  of  the  brain.  Although  Ca2+/Mg2+- 
ATPase  activity  in  the  frontal  cortex  of  autism  subjects  was  not 
significantly  changed  but  a  trend  towards  increased  Ca2+/Mg2+- 
ATPase  activity  was  observed  as  compared  to  controls.  The  median 
Ca2+/Mg2+-ATPase  activity  in  the  frontal  cortex  for  autism  was 
1 13  pg  phosphorus  released/mg  protein/h  while  for  control  group,  it 
was  99  pg  phosphorus  released/mg  protein/h.  A  differential  effect  of 
ATPase  activity  in  different  regions  of  brain  is  not  unique.  In 
epilepsy,  the  intrasynaptosomal  Ca2+/Mg2+-ATPase  activity  was 
reported  to  be  decreased  in  the  hippocampus,  but  not  in  the  tem¬ 
poral  cortex  (Nagy  et  al.  1990). 
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Voltage-gated  calcium  channels  mediate  calcium  influx  in  re¬ 
sponse  to  membrane  depolarization  and  regulate  intracellular 
processes  such  as  contraction,  secretion,  neurotransmission,  and 
gene  expression.  Their  activity  is  essential  for  coupling  electrical 
signals  on  the  cell  surface  to  physiological  events  in  cells.  Functional 
mutations  in  genes  encoding  voltage-gated  Ca2+  channels  have  been 
suggested  as  a  possible  cause  of  ASD  (Hemara-Wahanui  et  al.  2005; 
Splawski  et  al.  2006,  2004).  Point  mutations  in  the  gene  encoding  the 
L-type  voltage-gated  Ca2+channel  CaV1.2  (CACNA1C)  cause  Timothy 
syndrome,  a  multisystem  disorder  that  includes  cardiac  abnormalities 
and  autism  (Splawski  et  al.  2005,  2004).  CaV1.2  plays  an  important 
role  in  the  activation  of  transcription  factors,  such  as  cAMP  response- 
element-binding  protein  (CREB)  and  myocyte  enhancer  factor  2 
(MEF2),  involving  neuronal  survival  and  dendritic  arborization  (West 
et  al.  2001).  The  mutations  associated  with  Timothy  syndrome 
prevent  voltage-dependent  inactivation  of  CaV1.2,  which  causes  the 
channels  to  remain  open  longer  and  allow  the  influx  of  more  Ca2+ 
than  wild-type  channels  (Splawski  et  al.  2005,  2004)  leading  to 
increased  intracellular  Ca2+.  Additional  evidence  of  calcium's  involve¬ 
ment  in  autism  comes  from  a  mutation  identified  in  the  CACNA1F 
gene,  which  encodes  the  L-type  voltage-gated  Ca2+  channel,  CaV1.4. 
This  mutation  was  reported  to  cause  autistic  symptoms  in  a  New 
Zealand  family  where  the  affected  subjects  have  stationary  night 
blindness  (Hemara-Wahanui  et  al.  2005;  Hope  et  al.  2005).  ASD- 
associated  mutations  have  been  identified  not  only  in  genes  encoding 
Ca2+  channels  themselves  but  also  in  genes  encoding  ion  channels 
whose  activity  is  directly  modulated  by  Ca2+  such  as  Ca2+-dependent 
Na+  channels.  Several  point  mutations  in  SCN1A  and  SCN2A  genes, 
which  encode  the  voltage-activated  Na+  channels  NaVl.l  and  NaV1.2 
respectively  has  been  reported  (Kamiya  et  al.  2004;  Weiss  et  al.  2003). 

Wingless-type  mouse  mammary  tumor  virus  (MMTV)  integration 
site  member  (Wnt)  proteins  are  known  to  form  a  family  of  highly 
conserved  and  secreted  signaling  molecules,  which  regulate  cell-to- 
cell  interactions  during  embryogenesis.  The  role  of  WNT2  has  been 
implicated  in  ASD.  Two  families  with  mutations  in  WNT2  have 
been  identified,  and  a  polymorphism  in  an  upstream  region  of 
WNT2  has  been  associated  with  families  characterized  with  severe 
language  abnormalities  (Wassink  et  al.  2001).  Increase  in  Ca2+  con¬ 
centration  has  been  reported  to  enhance  the  synthesis  and  release  of 
Wnt  through  the  activity  of  the  Ca2+-regulated  transcription  factor 
CREB  (Wayman  et  al.  2006).  Because  of  the  pivotal  role  of  calcium  in 
cellular  signaling,  calcium  may  play  an  important  role  in  the  etiology 
of  ASD. 

The  increased  activity  of  Ca2+/Mg2+-ATPase  in  the  cerebellum  of 
autistic  subjects  may  be  attributable  to  several  factors.  Ca2+/Mg2+- 
ATPase  activity  may  increase  due  to  compensatory  mechanisms  in 
response  to  increased  intracellular  calcium  levels  in  autism.  Heguilen 
et  al.  (2009)  reported  increases  in  Ca2+/Mg2+-ATPase  activity  in 
patients  with  hypercalciuric  nephrolithiasis.  In  addition,  Ca2+/Mg2+- 
ATPase  activity  can  also  be  activated  by  lysophosphatidylcholine,  a 
phospholipase  A2  (PLA2)-mediated  lipolytic  product  in  the  membrane. 
It  has  also  been  reported  that  the  levels  of  polyunsaturated  fatty  acids, 
another  lipolytic  product  of  PLA2,  are  decreased  in  the  erythrocyte 
membranes  of  autistic  subjects  as  compared  with  normal  control 
subjects  (Bell  et  al.  2000).  Increased  activity  of  PLA2,  an  enzyme  that 
removes  unsaturated  fatty  acids  from  phospholipids,  has  also  been 
reported  in  erythrocytes  from  autistic  subjects  (Bell  et  al.  2004). 
Additionally,  increased  levels  of  phospholipase  A2  have  been  observed 
in  the  erythrocytes  of  patients  with  schizophrenia  (Ward  2000)  and 
dyslexia  (MacDonell  et  al.  2000).  Since  chromosomal  linkage  studies  in 
autism  point  to  a  locus  which  includes  the  PLA2  gene  (Lamb  et  al.  2000), 
this  enzyme  may  also  have  an  important  role  in  the  etiology  of  autism.  In 
conclusion,  Na+/K+-ATPase  and  Ca2+/Mg2+-ATPase  activities  in  autism 
may  be  increased  in  response  to  increased  intracellular  calcium  con¬ 
centration,  and  may  contribute  to  altered  neocortical  circuitry  in  the 
cerebellum  and  frontal  cortex  of  individual  with  autism. 
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Abstract 

Autism  is  a  severe  neurodevelopmental  disorder  that  is  characterized  by  impaired  language,  communication,  and  social 
skills.  In  regressive  autism,  affected  children  first  show  signs  of  normal  social  and  language  development  but  eventually  lose 
these  skills  and  develop  autistic  behavior.  Protein  kinases  are  essential  in  G-protein-coupled,  receptor-mediated  signal 
transduction  and  are  involved  in  neuronal  functions,  gene  expression,  memory,  and  cell  differentiation.  We  studied  the 
activity  and  expression  of  protein  kinase  A  (PKA),  a  cyclic  AMP-dependent  protein  kinase,  in  postmortem  brain  tissue 
samples  from  the  frontal,  temporal,  parietal,  and  occipital  cortices,  and  the  cerebellum  of  individuals  with  regressive  autism; 
autistic  subjects  without  a  clinical  history  of  regression;  and  age-matched  developmentally  normal  control  subjects.  The 
activity  of  PKA  and  the  expression  of  PKA  (C-a),  a  catalytic  subunit  of  PKA,  were  significantly  decreased  in  the  frontal  cortex 
of  individuals  with  regressive  autism  compared  to  control  subjects  and  individuals  with  non-regressive  autism.  Such 
changes  were  not  observed  in  the  cerebellum,  or  the  cortices  from  the  temporal,  parietal,  and  occipital  regions  of  the  brain 
in  subjects  with  regressive  autism.  In  addition,  there  was  no  significant  difference  in  PKA  activity  or  expression  of  PKA  (C-a) 
between  non-regressive  autism  and  control  groups.  These  results  suggest  that  regression  in  autism  may  be  associated,  in 
part,  with  decreased  PKA-mediated  phosphorylation  of  proteins  and  abnormalities  in  cellular  signaling. 
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Introduction 

Autism  spectrum  disorders  (ASDs)  are  neurodevelopmental 
disorders  characterized  by  impairment  in  social  interactions  and 
verbal/ non-verbal  communication  skills,  and  restricted,  repetitive 
and  stereotyped  patterns  of  behavior  [1],  According  to  a  recent 
report  from  the  Centers  for  Disease  Control  and  Prevention,  the 
prevalence  of  ASDs  is  1  in  110  for  children  8  years  of  age  [2] . 
The  symptoms  of  ASDs  are  typically  present  before  the  age  of  3 
years,  and  are  often  accompanied  by  abnormalities  in  cognitive 
functioning,  learning,  attention,  and  sensory  processing.  While 
the  causes  of  ASDs  remain  elusive,  ASDs  are  considered  to  be 
heterogeneous  and  multifactorial  disorders  that  are  influenced  by 
both  genetic  and  environmental  factors.  The  onset  of  autism  is 
gradual  in  many  children.  However,  in  regressive  autism, 
children  first  show  signs  of  normal  social  and  language 
development  but  lose  these  developmental  skills  at  15-24  months 
and  develop  autistic  behavior  [3].  The  reported  incidence  of 
regressive  autism  varies  in  different  studies  from  15%  to  62%  of 
cases  [4-7].  In  a  few  cases,  regression  may  significantly  affect 
language,  with  lesser  impact  in  other  domains  such  as  social 
interaction  or  imaginative  play  [4,8].  On  the  other  hand,  some 
children  may  regress  especially  in  social  functions  and  not  in 
language  [9]. 


Protein  kinases  are  known  to  play  important  roles  in  cellular 
signaling  pathways  and  are  involved  in  brain  development  [10- 
1 3] .  Protein  kinase  A  (PKA)  is  a  cyclic  adenosine  monophosphate 
(cAMP)-dependent  protein  kinase  that  is  involved  in  cognitive 
functions  and  memory  formation  [14—18].  PKA  consists  of 
regulatory  (R)  and  catalytic  (C)  subunits.  Three  genes  encode  for 
catalytic  units  (Ca,  Cfl,  and  Cy),  and  four  other  genes  encode  for 
regulatory  units  (Riot,  Rip,  Rlla,  and  RHP)  of  PKA.  PKA  remains 
catalytically  inactive  when  the  levels  of  cAMP  are  low.  The 
concentration  of  cAMP  rises  upon  activation  of  adenylate  cyclase 
by  G  protein-coupled  receptors,  and/or  inhibition  of  cyclic 
nucleotide  phosphodiesterase  (PDE)  enzyme.  Under  these  condi¬ 
tions,  cAMP  binds  to  two  binding  sites  on  the  regulatory  subunits 
of  PKA,  which  results  in  the  release  of  the  catalytic  subunits.  These 
free  catalytic  units  of  PKA  can  then  phosphorylate  proteins  by 
transferring  a  phosphate  group  from  ATP.  Several  studies  have 
implicated  the  role  of  PKA  in  neuropsychiatric  disorders  such  as 
schizophrenia,  bipolar  affective  disorder,  obsessive  compulsive 
disorder,  and  panic  disorders  [19-22].  To  date,  no  studies  of  PKA 
have  been  done  in  autism. 

The  intracellular  levels  of  cAMP  are  controlled  by  PDE,  which 
degrades  the  phosphodiester  bond  in  cAMP.  PDE  regulates  the 
localization,  duration,  and  amplitude  of  cAMP  signaling  within 
subcellular  domains.  Multiple  forms  of  PDEs  have  been  identified 
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on  the  basis  of  substrate  specificity.  PDE4,  7,  and  8  act  on  cAMP; 
PDE5,  6,  and  9  act  on  cyclic  guanosine  monophosphate  (cGMP); 
whereas  PDE1,  2,  3,  10,  and  11  act  on  both  cAMP  and  cGMP. 
Recent  evidence  has  suggested  altered  levels  of  PDE4  in  the  brains 
of  individuals  with  autism  [23]. 

Because  the  levels  of  PDE4  are  altered  in  autism,  and  PKA  is 
involved  in  neuropsychiatric  disorders,  it  was  of  interest  to 
compare  the  activity  and  protein  levels  of  PKA  in  different  brain 
regions  in  autism  (regressive  and  non-regressive)  and  age-matched 
control  subjects.  Our  study  suggests  that  PKA  activity  and 
expression  are  decreased  in  the  frontal  cortex  of  individuals  with 
regressive  autism  as  compared  with  control  subjects.  Such  changes 
were  not  observed  in  individuals  with  non-regressive  autism. 

Materials  and  Methods 

Autism  and  Control  Subjects 

Samples  of  postmortem  frozen  brain  regions,  i.e.,  the  cerebel¬ 
lum,  and  the  cortices  from  the  frontal,  temporal,  parietal,  and 
occipital  lobes  from  autistic  (N  =  7—10  for  different  brain  regions) 
and  age-matched,  typically  developed,  control  subjects  (N  =  9-10) 
were  obtained  from  the  National  Institute  of  Child  Health  and 
Human  Development  (NICHD)  Brain  and  Tissue  Bank  for 
Developmental  Disorders  at  the  University  of  Maryland,  Balti¬ 
more,  MD.  The  age  (mean  ±  S.E.)  for  autistic  subjects  was 
1 2.6 ± 3.2  years,  and  for  control  subjects,  12.4±3.3  years.  All  brain 
samples  were  stored  at  — 70°C. 

The  case  history  and  clinical  characteristics  for  the  autism  and 
control  subjects  are  summarized  in  Table  1.  Donors  with  autism 
had  met  the  diagnostic  criteria  of  the  Diagnostic  and  Statistical 
Manual-IV  for  autism.  The  Autism  Diagnostic  Interview-Revised 
(ADI-R)  test  was  performed  for  the  donors  UMB  # s  4671,  4849, 
1174,  797,  1182,  4899,  and  1638  (Table  2).  Each  donor’s 
impairments  in  social  interaction,  qualitative  abnormalities  in 
communication,  and  restricted,  repetitive  and  stereotyped  patterns 
of  behavior  are  consistent  with  the  diagnosis  of  autism,  according 
to  the  results  of  the  ADI-R  diagnostic  algorithm.  All  donors  with 
autism  exceeded  the  cut-off  score  in  these  parameters.  The 
diagnosis  of  autism  was  assigned  to  donor  UMB  #  1349  after 
extensive  evaluation  of  behavioral  tests,  including  the  Autism 
Diagnostic  Observation  Schedule  (ADOS),  Vineland  Adaptive 
Behavioral  Scale  (VABS),  and  Bayley  Scales  for  Infant  Develop- 
ment-II  (BSID-II).  In  addition  to  the  ADI-R,  UMB  #  4849  was 
also  evaluated  by  the  BSID-II  and  Childhood  Autism  Rating  Scale 
(CARS),  which  indicated  moderate  to  severe  autism,  and  autism  in 
UMB  #4671  was  also  verified  by  the  VABS  and  BSID-II.  Table  3 
shows  scores  for  the  VABS  test,  which  assesses  adaptive  behavior 
in  four  domains:  communication,  daily  living  skills,  socialization, 
and  motor  skills. 

In  this  study,  the  subjects  with  autism  were  divided  into  two 
subgroups:  regressive  autism  and  non-regressive  autism,  depend¬ 
ing  on  the  pattern  of  onset  of  symptoms  for  autism.  Regressive 
autism  is  a  type  of  autism  in  which  early  development  is  normal, 
followed  by  a  loss  of  previously  acquired  skills.  Language  is  the 
most  common  area  that  regresses;  this  regression  can  be 
accompanied  by  more  global  regression  involving  loss  of  social 
skills  and  social  interest.  On  the  other  hand,  in  non-regressive 
autism,  the  child  never  gains  normal  language  and  social  skills,  and 
initial  symptoms  are  delayed  speech  development,  and/or  delay  in 
development  of  social  skills  and  in  nonverbal  communication. 
These  children  do  not  demonstrate  regression  in  terms  of  loss  of 
language  or  social  skills. 

Ethics  statement.  This  study  was  approved  by  the 
Institutional  Review  Board  (IRB)  of  the  New  York  State 
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Institute  for  Basic  Research  in  Developmental  Disabilities.  The 
IRB  reviewed  this  study  in  accordance  with  New  York  State 
Regulations  and  the  HHS  Office  for  Human  Research 
Protections,  including  the  “Human  Subject  Decision  Chart  1,” 
and  found  that  the  research  does  not  involve  human  subjects  because  “the 
research  does  not  involve  intervention  or  interaction  with  the 
individuals”,  nor  “is  the  information  individually  identifiable”. 
The  subjects  cannot  be  identified,  directly  or  through  identifiers 
linked  to  the  system,  and  the  consent  is  not  required. 

Preparation  of  Brain  Homogenates 

The  tissue  samples  were  homogenized  (10%  w/v)  in  cold  buffer 
containing  50  mM  Tris-HCl  (pH  7.4),  8.5%  sucrose,  2  mM 
EDTA,  10  mM  (3-mercaptoethanol,  and  protease  inhibitor 
cocktail  (Sigma-Aldrich,  St.  Louis,  MO)  at  4°C.  For  extraction 
of  protein  kinases,  the  homogenates  were  mixed  with  an  equal 
volume  of  extraction  buffer  containing  40  mM  Tris-HCl  (pH  7.4), 
300  mM  NaCl,  2  mM  EDTA,  2  mM  EGTA,  2%  Triton,  5  mM 
sodium  pyrophosphate,  2  mM  (3-glycerophosphate,  2  mM 
Na;jV04,  100  mM  NaF,  and  2  pg/nrl  leupeptin.  The  samples 
were  allowed  to  stand  on  ice  for  10  min,  and  then  centrifuged  at 
135,000  g  for  20  min  at  4°C.  The  supernatants  were  collected, 
and  the  concentrations  of  total  proteins  in  the  supernatants  were 
measured  by  the  biocinchoninic  acid  protein  assay  kit  (Thermo 
Scientific,  Rockford,  IL). 

Assay  for  PKA  Activity 

PKA  activity  was  measured  using  the  solid  phase  enzyme-linked 
immunosorbent  assay  (ELISA)  kit  from  Enzo  Life  Sciences 
International,  Inc.  (Plymouth  Meeting,  PA).  In  this  assay,  the 
substrate  of  PKA  was  pre-coated  on  the  wells  of  a  microplate.  The 
microplate  wells  were  soaked  with  50  pi  of  kinase  assay  dilution 
buffer  for  10  min.  The  buffer  was  then  carefully  aspirated  from 
each  well,  and  the  brain  samples  were  added  to  the  appropriate 
wells.  The  kinase  reaction  was  initiated  by  adding  1 0  pi  ATP,  and 
was  carried  out  for  90  min  at  30°C.  It  was  terminated  by  emptying 
the  contents  of  each  well.  A  phosphosubstrate-specific  antibody 
was  added  to  the  wells  except  in  blank,  and  incubated  for  60  min 
at  room  temperature,  followed  by  washing  4  times  with  wash 
buffer.  The  peroxidase-conjugated  secondary  antibody  was  then 
added  except  in  blank,  and  incubation  was  done  for  60  min  at 
room  temperature.  The  wells  were  again  washed  4  times  with 
wash  buffer.  The  color  was  developed  with  tetramethylbenzidine 
substrate,  and  it  was  proportional  to  the  phosphotransferase 
activity  of  PKA.  The  reaction  was  stopped  with  acid-stop  solution, 
and  the  absorbance  was  measured  at  450  nm  in  a  microplate 
reader.  The  absorbance  was  divided  by  the  concentration  of  total 
protein  (pg)  in  each  sample,  and  the  data  are  represented  as 
relative  PKA  activity. 

Western  Blot  Analysis 

Total  protein  (15  pg)  from  brain  homogenates  of  subjects  with 
regressive-  and  non-regressive  autism  or  control  subjects  was 
separated  using  a  10%  sodium  dodecyl  sulfate-polyacrylamide  gel 
electrophoresis,  and  then  transferred  to  a  nitrocellulose  mem¬ 
brane.  The  membrane  was  blocked  with  Tris-buffered  saline 
containing  5%  fat-free  dried  milk  for  2  h  at  room  temperature, 
and  further  incubated  overnight  at  4°C  with  polyclonal  antibody 
against  C-subunit  (isoform  a)  of  PKA  (Cell  Signaling  Technology 
Inc.,  Danvers,  MA).  The  membrane  was  then  washed  3  times  with 
TBS-0.05%  Tween  20,  and  incubated  with  horseradish  peroxi¬ 
dase-conjugated  secondaiy  antibody  for  2  h  at  room  temperature. 
The  membrane  was  washed  again,  and  the  immunoreactive 
protein  was  visualized  using  enhanced  chemiluminescent  reagent. 
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Table  2.  Autism  Diagnostic  Interview-Revised  test  scores  in  donors  of  brain  tissue  samples. 


Autism  Diagnostic  Interview-Revised  (ADI-R)a 

Diagnostic  Algorithm 

Cutoff  score  for 
autism 

UMB  4671 

UMB  4849 

UMB  1174 

UMB  797 

UMB  4899 

UMB  1638 

Impairments  in  reciprocal  social 
interaction  (Scores:0-30) 

10 

26 

22 

22 

24 

22 

21 

Abnormalities  in  communication: 

Verbal  (Scores:0-26) 

8 

- 

18 

- 

20 

- 

- 

Non-verbal  (Scores:  0-14) 

7 

13 

N/A 

11 

13 

14 

11 

Restricted,  repeated  and  stereotyped 
behavior  (Scores:  0-12) 

3 

3 

8 

6 

6 

8 

7 

Abnormalities  of  development  evident 
at  or  before  36  months 

1 

5 

3 

5 

- 

4 

5 

a:  Higher  score  represents  greater  impairment. 

UMB  1 182:  ADI-R  was  conducted  but  the  scores  are  not  available.  The  donor  met  the  criteria  for  a  diagnosis  of  autism. 
doi:1 0.1 371/journal.pone.0023751  ,t002 


Because  PKA  (C-ot)  and  fi-actin  have  similar  molecular  weights 
(42  KDa),  polyclonal  antibody  against  PKA  (C-a)  was  stripped 
from  nitrocellulose  membrane,  and  the  membrane  was  re-probed 
with  monoclonal  antibody  against  fl-actin  (loading  control).  The 
densities  of  all  protein  bands  were  measured  by  NIH  Image  J 
software,  and  the  density  of  PKA  (C-a)  band  was  normalized  with 
the  density  of  fl-actin  for  each  sample. 

Statistical  Analysis 

Initially,  autistic  and  control  cases  were  collected  as  age- 
matched  pairs.  As  data  for  both  members  of  a  pair  were  not 
available  in  all  cases,  and  data  were  approximately  normally 
distributed,  unpaired  two-tailed  t-tests  were  employed  to  make 
comparisons  of  PKA  activity  in  various  brain  regions,  and  of 
overall  PKA  density  between  autistic  vs.  control  cases.  Compar¬ 
isons  among  controls  and  autistic  cases  showing  or  not  showing 
clinical  signs  of  regression  in  function  were  made  using  one-way 
analysis  of  variance  (ANOVA).  To  guard  against  type  I  error,  a 
Bonferroni  adjustment  for  multiple  comparisons  was  made  to  the 
t-tests  of  multiple  brain  regions,  and  for  the  pairwise  post-hoc  t-tests 
comparing  each  pair  of  the  three  groups  that  were  compared  in 
the  overall  ANOVA.  For  purposes  of  this  adjustment,  tests  of 


different  hypotheses,  i.e.,  of  activity  levels  and  of  protein  contents 
of  PKA,  were  not  considered  to  be  multiple  comparisons. 

Results 

PKA  Activity  in  Different  Brain  Regions  of  Individuals  with 
Autism  and  Age-Matched  Control  Subjects:  Relationship 
with  Regression  in  Autism 

The  activity  of  PKA  was  measured  in  the  brain  homogenates 
from  the  frontal,  temporal,  occipital,  and  parietal  cortices,  and 
the  cerebellum  in  autistic  and  control  subjects  (Fig.  1).  When  all 
autism  cases  (regressive  and  non-regressive)  were  compared  with 
the  age-matched  control  group,  no  significant  difference  was 
found  in  PKA  activity  in  any  of  these  brain  regions,  although 
PKA  activity  in  the  frontal  cortex  was  found  to  be  reduced  by 
34.7%  in  the  autism  vs.  control  group.  When  the  autism  group 
was  divided  into  two  sub-groups  (regressive  and  non-regressive), 
depending  on  whether  there  was  a  clinical  history  of  regression 
or  not,  unadjusted  two-tailed  t-test  showed  a  significant  decrease 
in  PKA  activity  in  the  frontal  cortex  of  individuals  with 
regressive  autism  as  compared  to  the  developmentally  normal 
control  group  (p  =  0.0278)  and  the  non-regressive  autism  group 


Table  3.  Vineland  Adaptive  Behavioral  Scales  diagnostic  test  for  autism  in  donors  of  brain  tissue  samples. 


Vineland  Adaptive  Behavioral  Scales  (VABS)a 

UMB  1349 

UMB  4671 

UMB  1174 

At  age:  25  months 

At  age:  33  months 

At  age:  39  months 

At  age:  6.4  y 

Domain  (Scores:20-160) 

Standard 

Score 

Age  equivalent 
performance 

Standard 

Score 

Age  equivalent 
performance 

Standard 

Score 

Age  equivalent 
performance 

Standard 

score 

Communication 

57 

9  months 

69 

18  months 

52 

10  months 

41 

Daily  living  skills 

65 

16  months 

62 

16  months 

54 

14  months 

22 

Socialization 

60 

9  months 

71 

17  months 

51 

4  months 

52 

Motor  skills 

- 

- 

- 

- 

65 

24  months 

- 

Composite 

- 

- 

- 

- 

51 

13  months 

35 

a:  Higher  score  represents  better  function. 

According  to  the  medical  histories  for  UMB-4231  and  UMB-5027,  the  donors  had  psychological  evaluation,  and  met  the  criteria  for  a  diagnosis  of  autism.  Detailed 

information  is  not  available. 

doi:10.1371/journal.pone.0023751.t003 
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Figure  1.  PKA  activity  in  different  brain  regions  from  regressive  autism,  non-regressive  autism,  and  age-matched  control  subjects. 

The  autism  group  comprises  combined  regressive  and  non-regressive  autism  sub-groups.  Brain  homogenates  were  prepared,  and  activity  of  PKA  was 
measured  as  described  in  Materials  and  Methods.  Data  represent  mean  ±  S.E. 
doi:1 0.1 371/journal.pone.0023751.g001 


(p  =  0.0318),  but  these  differences  did  not  remain  significant 
after  application  of  the  adjustment  for  multiple  comparisons. 
The  mean  ±  S.E.  of  PKA  activity  in  the  frontal  cortex  was: 
2.48±0.57  in  autism  (regressive+non-regressive),  1 .60 ±0.31  in 
regressive  autism,  3.94±0.99  in  non-regressive  autism,  and 
3.80±0.65  in  control  groups.  The  alteration  in  PKA  activity  was 
specific  to  the  frontal  cortex  in  regressive  autism  because  it  was 
not  observed  in  other  regions  of  the  brain,  i.e.,  the  cerebellum 
and  the  temporal,  parietal,  and  occipital  cortices,  suggesting 
that  the  changes  observed  in  PKA  activity  were  brain  region- 
specific  in  regressive  autism.  PKA  activity  was  also  similar  in  all 
of  the  brain  regions  between  non-regressive  autism  and  control 
groups. 

There  was  no  significant  difference  in  postmortem  interval 
(PMI)  between  the  autistic  and  control  groups,  or  between  the 
regressive  autism  and  non-regressive  autism  groups.  The  mean  ± 


S.E.  of  PMI  was:  22.0±4.2  in  the  autism  groups  (regressive+non- 
regressive,  n=  10),  16.1±1.22  in  the  control  group  (n=10), 
28.4±7.2  in  regressive  autism  (n  =  5),  and  1 5.6 ± 2.6  in  the  non- 
regressive  autism  group  (n  =  5).  We  also  studied  whether  there  was 
an  inverse  correlation  between  PMI  and  PKA  activity.  Correlation 
analysis  between  PMI  and  PKA  activity  for  all  autistic  and  control 
subjects  did  not  reveal  any  such  association  (data  not  shown). 
Furthermore,  the  cerebellum  and  the  temporal,  parietal,  and 
occipital  cortices  were  not  affected  in  subjects  with  regressive 
autism  in  comparison  with  control  subjects,  while  the  frontal 
cortex  was  affected  in  these  individuals.  These  results  suggest  that 
PMI  was  not  a  contributing  factor  to  the  observed  alteration  in 
PKA  activity  in  the  frontal  cortex  of  individuals  with  regressive 
autism.  There  was  also  no  significant  difference  in  age  (mean  ± 
S.E.)  between  the  regressive  autism  (11.6±2.7  years,  n  =  5)  and 
non-regressive  autism  groups  (13.7±6.1  years,  n  =  5). 
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Protein  Levels  of  Catalytic  C-a  Subunit  of  PKA  in  the 
Frontal  Cortex  of  Individuals  with  Autism  (Regressive  and 
Non-Regressive)  and  Control  Subjects 

Because  a  decrease  in  PKA  activity  was  observed  in  the  frontal 
cortex  of  subjects  with  regressive  autism  as  compared  to  control 
subjects  and  subjects  with  non-regressive  autism,  we  analyzed 
whether  the  decreased  activity  of  PKA  is  related  to  the  reduced 
protein  contents  of  PKA.  The  protein  contents  of  the  catalytic  Ca 
unit  of  PKA  were  analyzed  in  the  frontal  cortex  of  individuals  with 
autism  (regressive  and  non-regressive)  and  age-matched  controls  by 
Western  blotting  (Fig.  2  A).  The  relative  densities  of  the  protein 
contents  of  PKA  (C-a)  normalized  with  fi-actin  are  shown  in  Fig.  2 
B.  A  one-way  ANOVA  comparing  regressive  and  non-regressive 
autism  cases  and  controls  showed  a  significant  difference  in  the 
protein  contents  among  these  three  groups  (F  [df=2,i5]  =  9.770, 
p  =  0.002).  Post-hoc  pairwise  comparisons  among  the  groups 
revealed  a  significant  decrease  in  the  protein  contents  of  PKA  (C- 
a)  in  individuals  with  regressive  autism  (mean  ±  S.E  =  0.34±0.09) 
as  compared  to  control  (mean  ±  S.E.  =  0.64±0.05,  p  —  0.019, 
Bonferroni-adjusted)  and  individuals  with  non-regressive  autism 
(mean  ±  S.E.  =  0.83±0.09,  p  =  0.002,  Bonferroni-adjusted),  sug¬ 
gesting  that  the  protein  contents  of  PKA  are  affected  in  regressive 
autism.  PKA  contents  were  similar  between  non-regressive  autism 
and  control  groups,  and  when  the  entire  autism  group  (regressive 
and  non-regressive)  was  compared  with  the  control  group. 

Discussion 

ASDs  are  complex  neurodevelopmental  disorders.  The  com¬ 
plexity  of  ASDs  is  further  increased  because  some  affected 

Autism  Control 

Non-regressive  Regressive 


individuals  fall  in  the  sub-group  of  regressive  autism  [7], 
Behavioral  changes  in  regressive  autism  fall  into  two  broad 
domains:  (a)  loss  of  vocalization  and  (b)  loss  of  social  skills.  The  rate 
of  regressive  autism  varies  from  15%  to  62%  of  cases  in  different 
studies  [4—7].  While  Lord  et  al.  reported  that  29%  of  the  children 
they  studied  who  were  diagnosed  with  autism  had  lost  language 
skills  for  meaningful  words,  and  another  9%  lost  non-word 
vocalizations  [5],  Goldberg  et  al.  reported  regression  in  62%  of 
children  [4] .  Loss  of  spoken  words  generally  associates  with  loss  of 
social  behavior  [6],  but  some  affected  children  show  only  loss  of 
social  skills  [4],  We  report  here  that  individuals  with  regressive 
autism  have  decreased  PKA  activity  in  the  frontal  cortex  of  the 
brain.  This  decreased  PKA  activity  in  autistic  regression  may  be 
attributed  to  the  decreased  protein  contents  of  PKA  because  the 
protein  content  of  PKA  (C-a  subunit)  was  also  decreased  in  the 
frontal  cortex  of  individuals  with  regressive  autism.  Interestingly, 
such  changes  were  not  observed  in  other  brain  regions  of 
individuals  with  regressive  autism,  or  in  the  frontal  cortex  and 
other  brain  regions  of  individuals  with  non-regressive  autism. 
These  results  suggest  that  alterations  in  PKA  activity  and  PKA 
expression  are  specific  to  the  frontal  lobe  in  regressive  autism. 

Our  results  suggest  that  PMI  and  age  cannot  account  for  the 
observed  alteration  in  PKA  in  regressive  autism.  Other  factors, 
such  as  comorbidity  with  seizure  disorder,  reported  for  three  of  1 0 
autism  cases  (of  which  two  had  regressive  autism,  and  one  had 
non-regressive  autism),  and  medications,  reported  for  two 
regressive  autism  cases,  four  non-regressive  autism  cases,  and 
two  control  cases,  do  not  seem  to  be  contributing  factors  to  the 
altered  activity  or  expression  of  PKA  in  regressive  autism. 


PKA  (C-a)  (42  kDa) 
(3-actin  (42  kDa) 


Control  Autism  Regressive  Non-regressive 

Autism  Autism 


(B) 


Figure  2.  Relative  protein  levels  of  PKA  (C-a)  in  the  frontal  cortex  of  regressive  autism,  non-regressive  autism,  and  age-matched 
control  subjects.  Western  blot  analyses  of  C-a  subunit  of  PKA  in  the  frontal  cortex  of  individuals  with  regressive  and  non-regressive  autism,  and 
age-matched  control  subjects  are  represented  in  Fig.  2A.  The  relative  density  of  PKA  (C-a)  normalized  with  the  density  of  p-actin  (loading  control)  is 
shown  in  Fig.  2B.  Data  represent  mean  ±  S.E. 
doi:1 0.1 371/journal. pone.0023751  .g002 
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However,  further  studies  with  a  larger  autistic  group  should  be 
done  to  explore  this  issue. 

cAMP  is  one  of  the  key  factors  for  neuronal  outgrowth,  plasticity, 
and  regeneration.  Members  of  the  cAMP-dependent  second- 
messenger  pathways  participate  in  the  regulation  of  cellular  growth 
and  differentiation  and  are  also  implicated  in  a  variety  of  embryonic 
stages  including  brain  development  [24] .  The  PKA  pathway  is  also 
recognized  as  an  essential  component  in  memory  formation. 
Several  studies  in  Drosophila  have  demonstrated  the  role  of  PKA 
in  memory  formation  [25-29].  Mutations  in  the  rutabaga  gene, 
which  encodes  adenylate  cyclase,  caused  significant  defects  in  short¬ 
term  memory  [25] .  Reduced  expression  or  activity  of  DCO  (the  gene 
encoding  the  catalytic  subunit  of  PKA)  caused  deficits  in  learning, 
short-term  memory,  and  middle-term  memory  [26-28].  Studies 
have  also  shown  that  pharmacological  agents  such  as  cAMP  analogs 
and  rolipram  (an  inhibitor  of  PDE),  which  are  known  to  increase 
PKA  activity,  could  improve  memory  [30,31]. 

G-protein-coupled  adenylate  cyclase  converts  ATP  to  cAMP, 
which  in  turn  binds  to  regulatory  subunits  of  PKA.  Following  this 
event,  catalytic  subunits  of  PKA  are  released,  which  are  the 
activated  forms  of  PKA.  PKA  then  phosphorylates  and  alters  the 
activity  of  enzymes  and  many  target  proteins  such  as  ion  channels, 
chromosomal  proteins,  and  transcription  factors.  cAMP  response¬ 
binding  protein  (CREB)  is  one  of  the  targets  of  PKA-mediated 
phosphorylation.  CREB,  upon  activation  by  PKA,  binds  to  certain 
DNA  sequences  (cAMP  response  elements),  thereby  stimulating 
the  transcription  of  downstream  genes  and  the  synthesis  of 
proteins.  The  CREB  transcription  factor  is  also  required  for  long¬ 
term  memory  formation  [32—34],  It  is  possible  that  a  decrease  in 
the  activity  of  PKA  in  regressive  autism  may  result  in  reduced 
phosphorylation  of  CREB,  and  thus  reduced  transcription  and 
altered  synthesis  of  some  proteins. 

Given  that  PKA  is  activated  by  cAMP,  and  PDE  regulates  the 
levels  of  cAMP,  a  discussion  on  PDE  becomes  imperative.  Altered 
levels  of  PDE4  in  the  cerebella  of  autism  subjects  were  reported  by 
Fatemi  and  group  [23].  Other  studies  have  suggested  a  role  of 
PDE4  in  learning  and  memory  in  behavioral  models  of  mice,  rats, 
and  monkeys  [35,36].  PDE4  is  also  reported  to  be  involved  in 
behavior  sensitivity  to  antidepressant  drugs  in  animals  [37].  PDE 
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[38,39],  passive  avoidance  [40,41],  radial  arm  maze  [40—42], 
Morris  water  maze  [43],  and  contexual  fear  conditioning 
[30,43,44] .  PDE4  has  also  been  studied  as  a  potential  therapeutic 
target  for  depressive  disorders.  It  has  been  suggested  that  rolipram 
may  have  potential  therapeutic  benefits  for  major  depression  [45], 
Alzheimer’s  disease  [36,46],  Parkinson’s  disease  [47,48],  schizo¬ 
phrenia  [49,50],  and  tardive  dyskinesia  [51,52]. 

Several  reports  suggest  that  some  proteins  related  to  the  PKA 
pathway  are  involved  in  autism.  Extensive  evidence  indicates 
hyperserotonemia  in  autism  [53—55].  PKA  regulates  serotonergic 
activity  in  the  brain  [56].  Gaiter  and  Unsicker  [57]  reported  that 
co-activation  of  cAMP-  and  tyrosine  receptor  kinase  B  (TrkB)- 
dependent  signaling  pathways  plays  an  important  role  in 
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In  conclusion,  this  study  suggests  that  the  frontal  cortex  may  be 
the  region  of  the  brain  involved  in  regressive  autism,  where 
abnormalities  such  as  decreased  activity  and  expression  of  PKA 
can  affect  the  signal  transduction.  It  may  have  multiple  effects  on 
signal  transduction  pathways,  which  may  also  influence  seroto¬ 
nergic  neurons,  TrkB,  and  engrailed-2,  all  of  which  have  been 
suggested  to  be  involved  in  the  development  of  autism. 
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Abstract 

Autism  is  a  neurodevelopmental  disorder  with  unknown  etiology.  In  some  cases,  typically 
developing  children  regress  into  clinical  symptoms  of  autism,  a  condition  known  as  regressive 
autism.  Protein  kinases  are  essential  for  G-protein-coupled  receptor-mediated  signal  trans¬ 
duction,  and  are  involved  in  neuronal  functions,  gene  expression,  memory,  and  cell  differen¬ 
tiation.  Recently,  we  reported  decreased  activity  of  protein  kinase  A  (PKA)  in  the  frontal 
cortex  of  subjects  with  regressive  autism.  In  the  present  study,  we  analyzed  the  activity  of 
protein  kinase  C  (PKC)  in  the  cerebellum  and  different  regions  of  cerebral  cortex  from 
subjects  with  regressive  autism,  autistic  subjects  without  clinical  history  of  regression,  and 
age-matched  control  subjects.  In  the  frontal  cortex  of  subjects  with  regressive  autism,  PKC 
activity  was  significantly  decreased  by  57. 1  %  as  compared  to  age-matched  control  subjects  (p 
=  0.0085),  and  by  65.8%  as  compared  to  non-regressed  autistic  subjects  (p  =  0.0048).  PKC 
activity  was  unaffected  in  the  temporal,  parietal  and  occipital  cortices,  and  in  the  cerebellum  in 
both  autism  groups,  i.e.,  regressive  and  non-regressed  autism  as  compared  to  control  sub¬ 
jects.  These  results  suggest  brain  region-specific  alteration  of  PKC  activity  in  the  frontal 
cortex  of  subjects  with  regressive  autism.  Further  studies  showed  a  negative  correlation 
between  PKC  activity  and  restrictive,  repetitive  and  stereotyped  pattern  of  behavior  (r= 
-0.084,  p  =  0.0363)  in  autistic  individuals,  suggesting  involvement  of  PKC  in  behavioral  ab¬ 
normalities  in  autism.  These  findings  suggest  that  regression  in  autism  may  be  attributed,  in 
part,  to  alterations  in  G-protein-coupled  receptor-mediated  signal  transduction  involving  PKA 
and  PKC  in  the  frontal  cortex. 

Key  words:  Autism;  behavior;  protein  kinase  C;  protein  kinases;  regression;  signal  transduction. 


INTRODUCTION 

Autism  spectrum  disorders  (ASDs)  are  neuro¬ 
developmental  disorders  characterized  by  impair¬ 
ment  in  social  interactions,  verbal  and  non-verbal 
communication  skills,  and  restricted,  repetitive  and 
stereotyped  patterns  of  behavior  [1].  Recently,  Centers 
for  Disease  Control  and  Prevention  reported  the 


prevalence  of  ASDs  to  be  1  in  88  children  in  the 
United  States  [2].  The  symptoms  of  ASDs  usually  start 
before  the  age  of  3  years,  and  are  often  accompanied 
by  abnormalities  in  cognitive  functioning,  learning, 
attention,  and  sensory  processing.  The  cause  of  ASDs 
is  not  known.  However,  ASDs  are  considered  as  het- 


http://www.biolsci.org 


Int.  J.  Biol.  Sc/.  2012,  8 


1076 


erogeneous  and  multifactorial  disorders  that  are  in¬ 
fluenced  by  genetic  and  environmental  factors  [3-5]. 
Several  lines  of  evidence  from  our  and  other  groups 
have  suggested  increased  oxidative  stress  [3;  6-14], 
mitochondrial  dysfunctions  [8;  10;  15;  16],  immune 
dysfunction  and  inflammation  [10;  17-21]  in  autism. 

The  onset  of  autism  is  gradual  in  many  children. 
However,  in  regressive  autism,  children  first  show 
sign  of  normal  social  and  language  development  but 
lose  these  developmental  skills  at  15-24  months  and 
develop  autistic  behavior  [22].  The  reported  incidence 
of  regressive  autism  varies  from  15%  to  62%  of  cases 
in  different  studies  [23-26].  In  few  cases,  regression 
may  significantly  affect  language  with  lesser  impact 
on  other  domains  such  as  social  interaction  or  imagi¬ 
native  play  [23;  27].  On  the  other  hand,  some  children 
may  regress  particularly  in  social  functions  and  not  in 
language  [28]. 

The  cause  of  regression  in  autism  is  not  under¬ 
stood.  Protein  kinases  are  known  to  play  important 
roles  in  cellular  signaling  pathways,  and  are  involved 
in  neurodevelopment  [29-31].  The  brain  synapses  are 
the  building  blocks  of  memory  formation,  and  synap¬ 
tic  strength  contributes  to  learning  and  memory  [32]. 
The  changes  in  neurotransmitters  release,  receptor 
sensitivity,  and  gene  expression  are  involved  in  syn¬ 
aptic  strength,  structure  and  function.  Because  protein 
kinases-mediated  phosphorylation  modifies  the  func¬ 
tions  of  proteins,  altered  activities  of  protein  kinases 
affect  the  synaptic  efficacy. 

Recently,  we  reported  that  the  activity  of 
cAMP-dependent  protein  kinase  A  (PKA)  is  de¬ 
creased  in  the  frontal  cortex  of  subjects  with  regres¬ 
sive  autism  as  compared  to  age-matched  control  sub¬ 
jects  and  autistic  subjects  without  clinical  history  of 
regression  [33].  Protein  Kinase  C  (PKC),  a  ubiquitous 
phospholipid-dependent  serine/ threonine  kinase,  is 
another  G-protein-coupled  receptor-mediated  kinase. 
PKC  is  known  to  be  involved  in  signal  transduction 
associated  with  the  control  of  brain  functions,  such  as 
ion  channel  regulation,  receptor  modulation,  neuro¬ 
transmitters  release,  synaptic  potentia¬ 
tion/depression,  and  neuronal  survival  [34].  It  also 
plays  crucial  roles  in  cell  proliferation,  differentiation 
and  apoptosis.  Neuronal  tissues  have  high  activity  of 
PKC. 

Genetic  studies  have  suggested  an  involvement 
of  PKC  in  autism  [35;  36].  The  analysis  of  ge¬ 
nome-wide  linkage  and  candidate  gene  association 
showed  PKCp  gene  (PRKCB1)  linkage  to  a  region  on 
chromosome  16p  in  the  neocotex  of  subjects  with  au¬ 
tism  [35;36].  High-resolution  single-nucleotide  poly¬ 
morphism  genotyping  and  analysis  of  this  region 
showed  strong  association  of  haplotypes  in  the  PKCp 


gene  with  autism.  The  present  study  was  undertaken 
to  compare  the  activity  of  PKC  in  the  cerebellum  and 
different  regions  of  cerebral  cortex  from  subjects  with 
regressive  and  non-regressive  autism  and  their 
age-matched  control  subjects.  The  relationship  be¬ 
tween  PKC  activity  and  behavioral  abnormalities  was 
also  studied  in  autism. 

MATERIALS  AND  METHODS 

Autism  and  control  subjects.  Samples  of  post¬ 
mortem  frozen  brain  regions,  i.e.,  the  cerebellum,  and 
cortices  from  the  frontal,  temporal,  parietal  and  oc¬ 
cipital  lobes  from  autistic  (N=  7-10  for  different  brain 
regions)  and  age-matched  typically  developed,  con¬ 
trol  subjects  (N=  9-10)  were  obtained  from  the  Na¬ 
tional  Institute  of  Child  Health  and  Human  Devel¬ 
opment  (NICHD)  Brain  and  Tissue  Bank  for  Devel¬ 
opmental  Disorders  at  the  University  of  Maryland, 
Baltimore,  MD.  The  age  (mean  ±  S.E.)  for  autistic 
subjects  was  12.6  ±  3.2  years,  and  for  control  subjects, 
12.4  ±  3.3  years.  All  brain  samples  were  stored  at 
-70°C.  This  study  was  approved  by  the  Institutional 
Review  Board  (IRB)  of  the  New  York  State  Institute 
for  Basic  Research  in  Developmental  Disabilities. 

Diagnostic  classification.  The  case  history  and 
clinical  characteristics  for  the  autism  and  control  sub¬ 
jects  is  summarized  in  Table  1.  Donors  with  autism 
had  met  the  diagnostic  criteria  of  the  Diagnostic  and 
Statistical  Manual-IV  for  autism.  Autism  Diagnostic 
Interview-Revised  (ADI-R)  test  was  performed  for 
UMB  #  4671,  4849,  1174,  797,  1182,  4899  and  1638 
(Table  2).  According  to  the  results  of  ADI-R  diagnostic 
algorithm,  the  donor's  impairments  in  social  interac¬ 
tion,  qualitative  abnormalities  in  communication  and 
restricted,  repetitive  and  stereotyped  patterns  of  be¬ 
havior  are  consistent  with  diagnosis  of  autism.  All 
exceeded  cut  off  score  in  each  of  these  parameters. 
Diagnosis  of  autism  was  assigned  to  UMB  #  1349  after 
extensive  evaluation  of  behavioral  tests,  including 
Autism  Diagnostic  Observation  Schedule  (ADOS), 
Vineland  Adaptive  Behavioral  Scale  (VABS),  and 
Bay  ley  Scales  for  Infant  Development-II,  (BSID-II).  In 
addition  to  ADIR,  UMB  #  4849  was  also  evaluated  by 
BSID-II  and  Childhood  Autism  Rating  Scale  (CARS), 
which  indicated  moderate  to  severe  autism,  and  au¬ 
tism  in  UMB  #  4671  was  also  verified  by  VABS.  Table 
3  shows  VABS  test  which  assesses  adaptive  behavior 
in  four  domains:  communication,  daily  living  skills, 
socialization,  and  motor  skills. 

In  this  study,  the  subjects  with  autism  were  di¬ 
vided  into  two  subgroups:  regressive  autism  and 
non-regressive  autism,  depending  on  the  pattern  of 
onset  of  symptoms  for  autism.  Regressive  autism  re¬ 
fers  to  a  child  where  parents  report  an  early  history  of 
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normal  development,  which  is  followed  by  a  loss  of 
previously  acquired  skills.  Language  regression  is  the 
most  common  form  of  regression  but  it  can  also  be 
accompanied  by  more  global  regression  involving 
loss  of  social  skills  and  interest.  On  the  other  hand,  in 
non-regressive  autism,  the  child  never  gains  normal 


language  and  social  skills,  and  initial  symptoms  are 
delayed  speech  development,  and/or  delay  in  de¬ 
velopment  of  social  skills  and  nonverbal  communica¬ 
tion.  These  children  do  not  demonstrate  regression  in 
terms  of  loss  of  language  or  social  skills. 


Table  I.  Case  history  and  clinical  characteristics  of  autism  and  control  donors  of  brain  tissue  samples. 


Brain 

Diagnosis 

Autism  Diag- 

Age 

Sex 

PMI 

Regressive  Other  medical  condi- 

Medications 

Cause  of  death 

tissue 
(UMB  #) 

nostic  tests 

(y) 

(h) 

autism 

tions 

4671 

Autism 

ADIR,  VABS, 

4.5 

F 

13 

No 

Multiple  injuries 

BSID-II 

from  fall 

1349 

Autism 

ADOS,  VABS, 
BSID-II 

5.6 

M 

39 

Yes 

Drowning 

4849 

Autism 

ADIR,  BSID-II, 
CARS 

7.5 

M 

20 

Yes 

Lead  poisoning 

Drowning 

1174 

Autism 

ADIR,  VABS 

7.8 

F 

14 

No 

Seizures 

Depakote,  Tegretol 

Multiple-system 
organ  failure 

4231 

Autism 

8.8 

M 

12 

No 

Flyperactivity 

Zyprexia,  Reminyl 

Drowning 

797 

Autism 

ADIR 

9.3 

M 

13 

No 

Attention  deficit  disor¬ 
der,  migraine  headache 

Desipramine 

Drowning 

1182 

Autism 

ADIR 

10.0 

F 

24 

Yes 

Smoke  inhalation 

4899 

Autism 

ADIR 

14.3 

M 

9 

Yes 

Seizures 

Trileptal,  Zoloft,Clonidine, 
Melatonin 

Drowning 

1638 

Autism 

ADIR 

20.8 

F 

50 

Yes 

Seizures,  Attention 

Zoloft,  Zyprexa,  Mellaril, 

Seizure-related 

deficit  hyperactivity 
disorder 

Depoprovera 

5027 

Autism 

WISC-R, 

38.0 

M 

26 

No 

Respirdal,  Luvox 

Obstruction  of 

Bender-Gestalt 

bowel 

4670 

Control 

4.6 

M 

17 

Commotio  Cordis 
from  an  accident 

1185 

Control 

4.7 

M 

17 

Drowning 

1500 

Control 

6.9 

M 

18 

Motor  vehicle 
accident 

4898 

Control 

7.7 

M 

12 

Flyperactive  disorder 

Concerta,  Clonidone 

Drowning 

1708 

Control 

8.1 

F 

20 

Motor  vehicle 
accident 

1706 

Control 

8.6 

F 

20 

Congenital  heart  dis- 

Rejection  of  cardi- 

ease  with  heart  trans- 

ac  allograft  trans- 

plant 

plantation 

1407 

Control 

9.1 

F 

20 

Asthma  allergies 

Albuterol,  Zirtec,  Alegra, 
Rodact,  Flovent,  Flonase 

Asthma 

4722 

Control 

14.5 

M 

16 

Motor  vehicle 
accident 

1846 

Control 

20.6 

F 

9 

Motor  vehicle 
accident 

4645 

Control 

39.2 

M 

12 

Arteriosclerotic 

heart  disease 

ADI-R:  Autism  Diagnostic  Interview  Revised. 

ADOS:  Autism  Diagnostic  Observation  Scale. 

VABS:  Vineland  Adaptive  Behavioral  Scale. 

BSID-II:  Bayley  Scales  of  Infant  Development-Second  Edition. 

CARS:  Childhood  Autism  Rating  Scale. 

WISC-R:  Wechsler  Intelligence  Scale  for  Children-Revised. 

According  to  the  medical  histories  for  UMB-4231  and  UMB-5027,  the  donors  had  psychological  evaluation,  and  met  the  criteria  for  a  diagnosis  of  autism.  De¬ 
tailed  information  is  not  available. 
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Table  2.  Autism  Diagnostic  Interview-Revised  test  scores 

in  donors  of  brain  tissue  samples. 

Autism  Diagnostic  Interview-Revised  (ADI-R)a 

Diagnostic  Algorithm 

Cutoff  score 
for  autism 

UMB  4671 

UMB  4849 

UMB  1174 

UMB  797 

UMB  4899 

UMB  1638 

Abnormalities  in  reciprocal  social  interaction 
(Scores:0-30) 

10 

26 

22 

22 

24 

22 

21 

Abnormalities  in  communication: 

Verbal  (Scores:0-26) 

8 

- 

18 

- 

20 

- 

- 

Non-verbal  (Scores:  0-14) 

7 

13 

N/A 

11 

13 

14 

11 

Restricted,  repetitive  and  stereotyped  patterns  of 
behavior  (Scores:  0-12) 

3 

3 

8 

6 

6 

8 

7 

Abnormalities  of  development  evident  at  or  before 
36  months 

1 

5 

3 

5 

- 

4 

5 

a:  Higher  score  represents  greater  impairment. 

UMB  1182:  ADI-R  was  conducted  but  the  scores  are  not  available.  The  donor  met  the  criteria  for  a  diagnosis  of  autism. 


Table  3.  Vineland  Adaptive  Behavioral  Scales  diagnostic  test  for  autism  in  donors  of  brain  tissue  samples. 


Vineland  Adaptive  Behavioral  Scales  (VABS)a 

UMB  1349 

UMB  4671 

UMB  1174 

At  age:  25  months 

At  age:  33  months 

At  age:  39  months 

At  age:  6.4  y 

Domain 

(Scores:20-160) 

Standard 

Score 

Age  equivalent  per¬ 
formance 

Standard 

Score 

Age  equivalent 
performance 

Standard 

Score 

Age  equivalent  per¬ 
formance 

Standard  score 

Communication 

57 

9  months 

69 

18  months 

52 

10  months 

41 

Daily  living  skills 

65 

16  months 

62 

16  months 

54 

14  months 

22 

Socialization 

60 

9  months 

71 

17  months 

51 

4  months 

52 

Motor  skills 

- 

- 

- 

- 

65 

24  months 

- 

Composite 

- 

- 

- 

- 

51 

13  months 

35 

a:  Higher  score  represents  better  function. 


Preparation  of  brain  homogenates.  The  post¬ 
mortem  brain  tissue  samples  from  regressive  autism, 
non-regressive  autism,  and  control  subjects  were 
homogenized  (10%  w/v)  in  cold  buffer  containing  50 
mM  Tris-HCl  (pH  7.4),  8.5%  sucrose,  2  mM  EDTA,  10 
mM  |  i  -  me  rca  p  toe  th  a  n  o  I  and  protease  inhibitor  cock¬ 
tail  at  4°C.  For  extraction  of  protein  kinases,  the  ho¬ 
mogenates  were  mixed  with  an  equal  volume  of  ex¬ 
traction  buffer  containing  40  mM  Tris-HCl  (pH  7.4), 
300  mM  NaCl,  2  mM  EDTA,  2  mM  EGTA,  2%  Triton, 
5  mM  sodium  pyrophosphate,  2  mM 
p-glycerophosphate,  2  mM  NasVCh,  100  mM  NaF,  and 
2  pg/ml  leupeptin.  The  samples  were  allowed  to 
stand  on  ice  for  10  minutes,  and  then  centrifuged  at 
135,000  g  for  20  minutes  at  4°C.  The  supernatants 
were  collected,  and  stored  at  -70°C.  The  concentra¬ 
tions  of  total  proteins  in  the  supernatants  were  meas¬ 
ured  by  the  biocinchoninic  acid  protein  assay  kit 
(Thermo  Scientific,  Rockford,  IL). 

Assay  of  PKC  activity.  The  activity  of  PKC  in 
the  brain  supernatants  was  measured  by  solid  phase 


enzyme-linked  immuno-absorbent  assay  (ELISA)  kit 
from  Enzo  Life  Sciences  International,  Inc.  The  assay 
is  designed  for  the  analysis  of  PKC  activity  in  the  so¬ 
lution  phase.  In  this  assay,  microplates  pre-coated 
with  PKC  substrate  were  used.  The  microplate  wells 
were  soaked  with  dilution  buffer  and  were  emptied 
after  10  minutes.  An  equal  volume  of  the  brain  su¬ 
pernatants  was  added  to  the  wells,  followed  by  the 
addition  of  ATP  to  initiate  the  reaction.  After  incuba¬ 
tion  for  90  minutes  at  30°C,  the  kinase  reaction  was 
terminated  by  emptying  the  contents  of  each  well.  The 
phosphopeptide  substrate  thus  obtained  was  immu- 
nodetected  by  using  phospho-substrate  specific  pri¬ 
mary  antibody  and  peroxidase-conjugated  secondary 
antibody  as  per  manufacturer's  instructions.  The 
mean  absorbance  (xlO3)  of  samples  was  divided  by 
the  quantity  of  total  protein  (pg)  used  per  assay,  and 
the  data  is  represented  as  relative  PKC  activity. 

Statistical  analysis.  Initially,  autistic  and  control 
cases  were  collected  as  age-matched  pairs.  As  data  for 
both  members  of  a  pair  were  not  available  in  all  cases. 
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and  data  were  approximately  normally  distributed, 
unpaired  two-tailed  t-tests  were  employed  to  make 
comparisons  of  PKC  activity  in  various  brain  regions 
between  autistic  vs.  control  cases.  The  data  was  con¬ 
sidered  significant  if  'p'  was  <  0.05.  Comparisons 
among  controls  and  autistic  cases  showing  or  not 
showing  clinical  signs  of  regression  in  function  were 
made  using  one-way  analysis  of  variance  (ANOVA). 
To  guard  against  Type  I  error,  a  Bonferroni  adjust¬ 
ment  for  multiple  comparisons  was  made  to  the  t-tests 
of  multiple  brain  regions,  and  for  the  pair  wise 
post-hoc  t-  tests  comparing  each  pair  of  the  three 
groups  that  were  compared  in  the  overall  ANOVA. 
Data  is  presented  as  Mean  ±  S.E. 

Pearson's  correlation  coefficient  (r)  was  used  to 
evaluate  if  there  was  relationship  between  PKC  activ¬ 
ity  in  autism  and  behavioral  abnormalities  (ADI-R 
score). 

RESULTS 

PKC  activity  in  the  cerebellum  and  different 
cerebral  regions  of  brain  from  subjects  with  regressive 
autism,  non-regressed  autism  and  their  age-matched 
controls. 

PKC  activity  was  assayed  in  the  frontal,  tem¬ 
poral,  occipital  and  parietal  cortices  (Fig.  1),  and  cer¬ 
ebellum  (Fig.  2)  from  subjects  with  autism  (regressive 
and  non-regressive)  and  their  age-matched  control 
subjects.  As  shown  in  Fig.  1,  PKC  activity  was  signif¬ 
icantly  decreased  by  65.8%  (p  =  0.0048)  in  the  frontal 
cortex  of  subjects  with  regressive  autism  (Mean  ±  S.E.; 
2.05  +  0.41)  as  compared  to  non-regressive  autistic 
subjects  (Mean  +  S.E.;  6.00  ±  0.97),  and  by  57.1%  (p  = 
0.0085)  as  compared  to  age-matched  control  subjects 
(Mean  +  S.E.;  4.78  +  0.63).  On  the  other  hand,  PKC 
activity  was  similar  between  non-regressive  autism 
and  age-matched  control  groups.  We  also  analyzed 
the  data  with  one-way  ANOVA  test  using  Bonferroni 
adjustment  for  multiple  comparison,  and  observed 
that  data  was  significant  (p  =  0.0057).  Alteration  of 
PKC  activity  in  the  frontal  cortex  of  subjects  with  re¬ 
gressive  autism  was  brain  regions-specific.  PKC  ac¬ 
tivity  was  not  affected  in  other  brain  regions  i.e.,  cer¬ 
ebellum,  and  in  the  temporal,  occipital  and  parietal 
cortices  from  autism  subjects  (regressive  and 
non-regressive  autism)  as  compared  to  age-matched 
controls  (Figs.  1  and  2). 
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Fig.  I.  Protein  kinase  C  activity  in  different  regions  of  cerebral 
cortex,  i.e.,  frontal,  temporal,  occipital  and  parietal  cortex  from 
subjects  with  regressive  autism,  non-regressed  autism  and  their 
age-matched  controls.  The  mean  absorbance  (x  1 03)  of  samples 
was  divided  by  the  quantity  of  total  protein  (|Jg)  used  per  assay, 
and  the  data  is  represented  as  relative  PKC  activity.  **p  <  0.01  as 
compared  to  control  and  non-regressed  autism  groups. 
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Fig.  2.  Protein  kinase  C  activity  in  the  cerebellum  from  subjects 
with  regressive  autism,  non-regressed  autism  and  their 
age-matched  control  subjects.  The  mean  absorbance  (xIO3)  of 
samples  was  divided  by  the  quantity  of  total  protein  (|Jg)  used  per 
assay,  and  the  data  is  represented  as  relative  PKC  activity. 


Postmortem  interval  (PMI)  and  age  of  the 
subjects.  There  was  no  significant  difference  in  age 
(mean  +  S.E.)  of  the  subjects  among  the  regressive 
autism  (11.6  ±  2.7  years),  non-regressive  autism  (13.7  + 
6.1  years)  and  control  groups  (12.4  +  3.3  years).  Our 
results  also  suggest  that  PMI  was  not  a  contributing 
factor  to  the  observed  alteration  in  PKC  activity  in  the 
frontal  cortex  of  individuals  with  regressive  autism 
because  PKC  activity  in  the  cerebellum  and  the  tem¬ 
poral,  parietal,  and  occipital  cortices  was  not  affected 
in  subjects  with  regressive  autism  in  comparison  with 
control  subjects,  while  it  was  affected  only  in  the 
frontal  cortex  from  these  individuals  with  regressive 
autism. 

Correlation  of  PKC  activity  with  behavioral 
abnormalities  in  autism.  In  order  to  evaluate  whether 
there  is  any  correlation  between  reduced  PKC  activity 
and  behavioral  abnormalities  in  subjects  with  autism, 
we  analyzed  the  data  of  PKC  activities  in  the  frontal 
cortex  as  a  function  of  ADI-R  scores  for  different  be¬ 
havioral  parameters  (Fig.  3).  In  this  study,  we  had 
ADI-R  scores  of  only  six  subjects  with  autism,  which 
included  three  regressive  autism  subjects  (UMB  # 
4849,  4899,  1638)  and  three  non-regressive  autism 
subjects  (UMB  #  4671,  1174,  797).  Fig.  3a  shows  the 
correlation  between  PKC  activity  in  the  frontal  cortex 
and  ADI-R  score  for  restrictive,  repetitive  and  stereo¬ 
typed  behavior  in  regressive  and  non-regressive  au¬ 
tistic  subjects.  It  was  observed  that  ADI-R  test  score 
for  restrictive,  repetitive  and  stereotyped  pattern  of 
behavior  was  higher  in  regressive  autism  as  compared 
to  non-regressive  autistic  subjects.  Interestingly,  linear 
regression  analysis  showed  a  negative  significant 
correlation  between  PKC  activity  in  the  frontal  cortex 
and  restrictive,  repetitive  and  stereotyped  behavior  (r 


=  -0.84,  p  =0.0363).  A  comparison  of  PKC  activity  in 
combined  regressive  and  non-regressive  autism 
group  with  ADI-R  scores  for  abnormalities  of  devel¬ 
opment  before  the  age  of  36  months  did  not  show  a 
correlation  between  these  two  parameters  (data  not 
shown).  However,  a  negative  correlation  (r  =  -0.988) 
in  subjects  with  regressive  autism  was  observed  be¬ 
tween  PKC  activity  and  abnormalities  of  development 
before  the  age  of  36  months,  though  it  did  not  reach 
significance  (p  =0.09,  n=3)  (Fig.  3b).  On  the  other 
hand,  there  was  no  correlation  between  reduced  PKC 
activity  and  impairments  in  reciprocal  social  interac¬ 
tion  in  regressive  or  non-regressive  autistic  subjects 
(data  not  shown).  Abnormalities  in  communication 
had  two  types  of  scores:  verbal  and  non-verbal.  Only 
two  scores  were  available  in  verbal  category,  which 
were  not  sufficient  for  analysis.  Therefore,  we  ana¬ 
lyzed  the  PKC  data  in  the  frontal  cortex  with  respect 
to  non-verbal  score,  and  did  not  find  any  significant 
correlation  between  these  parameters  in  regressive  or 
non-regressive  autism  (data  not  shown). 


Restrictive,  repetitive  &  stereotyped  behavior 


Abnormalities  of  development 
at/or  before  the  age  of  36  months 

Fig.  3.  Relationship  between  PKC  activity  of  frontal  cortex  and 
Autism  Diagnostic  Interview  Revised  (ADI-R)  test  scores  in  sub¬ 
jects  with  autism.  PKC  activity  was  plotted  against  individual 
ADI-R  scores  for  (a)  restricted,  repetitive  and  stereotyped  pat¬ 
terns  of  behavior,  and  (b)  abnormalities  of  development  evident 
before  the  age  of  36  months.  R  represents  subjects  with  regressive 
autism. 
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DISCUSSION 

Autism  is  a  multifactorial  disorder  with  varia¬ 
bility  in  many  domains.  The  variability  of  domains 
includes  high  or  low  functioning  autism,  regressive  or 
non  regressive  autism,  and  comorbidities  such  as  ep¬ 
ilepsy.  No  single  factor  can  explain  variability  ob¬ 
served  with  different  domains  of  autism.  Our  results 
are  suggestive  of  reduced  PKC  activity  in  the  frontal 
cortex  as  one  of  the  factors  contributing  to  regression 
in  autism.  Recently,  we  reported  that  PKA  is  also  af¬ 
fected  in  the  frontal  cortex  of  subjects  with  regressive 
autism  [33].  Collectively,  our  present  results  and  pre¬ 
vious  report  suggest  that  regression  in  autism  may  be 
the  result  of  alterations  in  protein  kinases-mediated 
signal  transduction.  It  is  possible  that  both  of  these 
kinases  (PKC  and  PKA)  are  affected  by  a  common 
pathway  because  both  protein  kinases  are  activated 
by  G-protein-coupled  receptors.  PKA  gets  activated 
by  G-protein-coupled  adenyl  cyclase  that  converts 
ATP  to  c-AMP,  an  activator  of  PKA.  On  the  other 
hand,  activation  of  PKC  is  associated  with 
G-protein-coupled  phospholipase  C-mediated  cleav¬ 
age  of  phosphoinositides  into  two  intracellular  mes¬ 
sengers,  i.e.,  diacylglycerol  (DG)  (activator  of  PKC) 
and  inositol  trisphosphate  (IP3)  (a  Ca2+  mobilizer). 

In  the  brain,  the  signals  that  control  cognition 
vary  depending  on  type  of  G-protein-coupled  signal 
input.  Several  receptors  such  as  glutamatergic  recep¬ 
tors  [37],  cholinergic  receptors  [38],  serotonergic  re¬ 
ceptors  [39]  and  dopaminergic  receptors  [40]  regulate 
the  functions  of  PKC.  PKC  is  a  key  regulator  of  neu¬ 
ronal  signal  transduction  pathways  that  are  crucial  to 
learning  and  memory  consolidation  [41-45].  Neuronal 
plasticity  and  synaptic  connections  are  important  for 
information  processing  in  the  brain.  Activation  of 
PKC  facilitates  synaptic  plasticity  that  includes  re¬ 
sponses  such  as  Ca2+  influx,  neurotransmitters  release, 
and  a  decrease  in  Ca2+-activated  K  current  in  the 
brain,  leading  to  the  enhancement  of  neuronal  excita¬ 
bility  and  potentiation  of  synaptic  response  [46;  47].  Li 
et  al.  [48]  also  reported  effect  of  chronic  treatment 
with  staurosporine  (PKC-inhibitor)  on  acquisition  and 
expression  of  contextual  fear  conditioning  in  rats. 
Considering  the  importance  of  PKC  in  neuronal  func¬ 
tions,  decreased  PKC  activity  in  subjects  with  regres¬ 
sive  autism  may  result  in  decreased  neuronal  plastic¬ 
ity,  thus  affecting  neuronal  excitability  and  synaptic 
response. 

The  formation  of  functional  neuronal  synapse 
requires  various  molecular  players  in  presynaptic  and 
postsynaptic  growth.  Dysfunction  of  proteins  such  as 
neuroligins,  neurexin  and  SHANK  that  are  required 
for  synaptic  development  have  been  reported  in  ASDs 


[49;  50].  Neural  disconnection  leading  to  abnormali¬ 
ties  in  cortical  networks  has  been  suggested  in  autism. 
Different  isozymes  of  PKC  are  known  to  have  im¬ 
portant  roles  at  various  stages  of  brain  development. 
Purkayastha  et  al.  [51]  reported  that  serotonin  1A  re¬ 
ceptor-mediated  signaling  during  neonatal  hippo¬ 
campal  development  initially  requires  PKCs  to  boost 
neuronal  proliferation,  and  then  uses  PKC  a  to  pro¬ 
mote  synaptogenesis. 

Our  results  also  suggest  a  relationship  of  re¬ 
duced  PKC  activity  in  the  frontal  cortex  with  some 
behavioral  abnormalities  in  autism.  According  to 
ADI-R  diagnostic  algorithm  criteria,  higher  score  re¬ 
flects  greater  behavioral  impairment.  A  negative  sig¬ 
nificant  relationship  was  observed  between  PKC  ac¬ 
tivity  in  the  frontal  cortex  and  restrictive,  repetitive 
and  stereotyped  behavioral  score  in  autistic  subjects 
(r=  -0.84).  A  negative  correlation  was  also  observed 
between  PKC  activity  in  the  frontal  cortex  and  ab¬ 
normalities  of  development  before  the  age  of  36 
months  in  regressive  autistic  subjects  (r=  -0.988). 
However,  later  correlation  did  not  reach  significance, 
which  may  be  due  to  small  sample  size  in  this  study. 
The  correlation  between  reduced  PKC  activity  in  the 
frontal  cortex  and  behavioral  abnormalities  in  autism 
needs  further  validation  with  larger  sample  size. 

The  prefrontal  cortex  has  been  implicated  in  au¬ 
tism  to  explain  deficits  in  brain  functions  related  to 
cognition,  language,  sociability  and  emotion  [52].  Our 
findings  of  decreased  activities  of  PKC  and  PKA  in 
the  frontal  cortex  of  subjects  with  regressive  autism 
suggest  defective  phosphorylation/ 

dephosphorylation  of  proteins.  Both  PKC  and  PKA 
are  involved  in  neuronal  signal  transduction.  Chronic 
treatment  with  carbamazepine  (a  mood-stabilizer 
drug)  has  been  reported  to  increase  phosphorylation 
of  myristoylated  alanine-rich  C  kinase  substrate 
(MARKS)  in  the  rat  cerebral  cortex,  suggesting  in¬ 
volvement  of  PKC  -mediated  phosphorylation  of 
MARKS  in  behavioral  changes  [53].  A  recent  study 
showed  that  PKA  inhibitor  could  induce  behavioral 
and  neurological  antidepressant-like  effects  in  rats 
[54].  Since  both  PKC  and  PKA  are  activated  by 
G-proteins-coupled  receptors  and  are  extensively  in¬ 
volved  in  brain  functions,  we  suggest  that  inhibition 
of  these  kinases  in  the  cerebral  cortex  may  have  sig¬ 
nificant  role  in  regressive  autism. 

Autism  belongs  to  a  group  of  neuropsychiatric 
disorders.  The  roles  of  PKC  and  PKA  have  also  been 
suggested  in  other  neuropsychiatric  disorders.  De¬ 
creased  protein  expression  of  PKCpi,  PKC§  and  PKA 
regulatory  la  subunit  and  PKA  catalytic  subunits  (a 
and  P)  has  been  reported  in  the  postmortem  brain 
samples  from  major  depressive  subjects  as  compared 
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to  controls  [55].  Alterations  in  PKC  activity  were  re¬ 
ported  in  manic  depression,  and  antimanic  agents 
(lithium  carbonate  and  sodium  valproate)  inhibited 
PKC-associated  signaling  in  brain  tissue  [56].  In  other 
studies,  prenatal  and  postnatal  exposures  to  valproic 
acid  (antiepileptic  drug)  have  been  used  for  animal 
model  of  autism  to  induce  behavioral  and  neuropa- 
thological  abnormalities  similar  to  those  observed  in 
individuals  with  autism  [57-61].  In  pediatric  bipolar 
disorder,  decreased  expression  of  specific  PKC  iso¬ 
zymes  and  decreased  PKC  activity  in  the  platelets 
were  reported  [62].  PKC  has  also  been  suggested  as  a 
molecular  target  in  pathogenic  and  therapeutic 
mechanisms  of  mood  disorders  in  which  electrocon¬ 
vulsive  seizure  (ECS)  is  effective  [63].  This  group  re¬ 
ported  phosphorylation  of  PKC  substrates,  including 
GAP-43,  myristoylated  alanine-rich  C-kinase  sub¬ 
strate,  and  neurogranin  in  the  brain  of  rats  after  ECS. 
Another  study  showed  significant  decrease  in  the 
activities  of  phospholipase  C  and  PKC  in  the  mem¬ 
brane  and  cytosolic  fractions  of  platelets  from  patients 
with  bipolar  disorder,  suggesting  that  PKC  may  be 
involved  in  the  pathophysiology  of  bipolar  disorder 
[64]. 

The  involvement  of  PKC  has  also  been  reported 
in  other  conditions  such  as  inflammation  [65],  im¬ 
mune  disorders  [66],  and  oxidative  stress  [67].  These 
studies  have  suggested  inhibitors  of  PKC  theta  as  an¬ 
ti-inflammatory  therapeutic  agents  [65],  and  PKC 
isozymes  as  potential  therapeutic  targets  in  immune 
disorders  [66].  Abnormalities  in  inflammation,  im¬ 
mune  system  and  oxidative  stress  have  been  observed 
in  autism  [7].  Several  lines  of  evidence  from  our  and 
other  groups  have  shown  increased  oxidative  stress 
damage  coupled  with  reduced  antioxidant  defense  in 
blood  [3;  6;  11;  14],  brains  [8-10;  13]  and  urine  [12]  of 
subjects  with  autism.  We  and  others  have  also  re¬ 
ported  increased  inflammatory  markers  in  autism 
[17-21].  Therefore,  PKC  may  also  have  a  role  in  in¬ 
flammation,  immune  defects  and  oxidative  stress  ob¬ 
served  in  autistic  individuals. 

Our  results  suggest  that  PMI  and  age  cannot 
account  for  the  observed  alteration  in  PKC  activity  in 
subjects  with  regressive  autism.  Other  factors,  such  as 
comorbidity  with  seizure  disorder,  reported  for  three 
of  10  autism  cases  (of  which  two  had  regressive  au¬ 
tism,  and  one  had  non-regressive  autism),  and  medi¬ 
cations,  reported  for  two  regressive  autism  cases,  four 
non-regressive  autism  cases,  and  two  control  cases,  do 
not  seem  to  be  contributing  factors  to  the  altered  ac¬ 
tivity  of  PKC  in  regressive  autism.  Furthermore,  PKC 
activity  was  affected  only  in  the  frontal  cortex  but  not 
in  other  brain  regions  of  subjects  with  regressive  au¬ 


tism.  However,  further  studies  with  a  larger  autistic 
group  should  be  done  to  explore  this  issue. 

Considering  the  central  role  played  by  PKC  in 
cellular  signaling,  the  present  findings  on  reduced 
PKC  activity  in  subjects  with  regressive  autism  may 
result  in  disruption  of  neuronal  signal  transduction 
pathways  in  the  frontal  cortex,  which  may,  in  part,  be 
responsible  for  regression  in  autism.  It  will  be  inter¬ 
esting  to  conduct  a  detailed  study  on  the  relationship 
between  PKC  activity  and  behavioral  abnormalities 
with  larger  number  of  samples  from  subjects  with 
autism.  In  conclusion,  our  study  suggests  that  brain 
region-specific  reduced  PKC  activity  in  the  frontal 
cortex  of  individuals  may  be  associated  with  regres¬ 
sive  autism. 
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